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This thesis describes the controlled immobilization of molecules between 
two cuboidal metal nanoparticles by self-assembly method to control the over the 
quantum plasmon resonances. Unlike top-down nanofabrication, the molecules 
between the closely-spaced metal nanoparticles could control the gap sizes down 
to sub-nanometer scales and act as the frequency controllers in the terahertz 
regime, providing a new control parameter in the fabrication of electrical circuits 
facilitated by quantum plasmon tunneling.  
The first part of the thesis (Chapters 3 to 5) describes on the fabrication of 
high aspect ratio, sub-nanometer gaps between two cuboidal metal nanostructures, 
their application in quantum plasmonics and the stability study of these 
nanostructures under the electron beam irradiation. We studied quantum 
mechanical effects of the metal-molecules-metal junctions by a combination of 
complimentary characterization techniques, e.g., electron microscopy, 
spectroscopy, and theoretically confirmed by quantum-corrected finite-element-
model (FEM) simulations. The second part of the thesis (Chapters 6 to 7) deals 
with the real-time imaging of chemical reactions of cuboidal metal nanoparticles 
in solution. 
Chapter 1 gives an introduction to this thesis and Chapter 2 provides a 
literature overview of the self-assembly of nanoparticles with sub-nanometer 
xi 
 
separations for application in plasmonics and stability study of the metal 
nanoparticles.  
Chapter 3 describes the fabrication of the high aspect ratio gaps between 
metal nanoparticles with different mixed self-assembled monolayers (SAMs) of 
thiolates and dithiolates. We study the metal-molecules-metal nanostructures with 
various characterization techniques (TEM, 3D STEM Tomography, XPS, UPS, 
UV/Vis spectroscopy). Chapter 4 demonstrates the realization of quantum 
plasmon tunneling by using the metal-molecules-metal junctions as a platform 
and electron microscopy as characterization techniques. We demonstrate how the 
molecules in the gaps control the gap sizes and the opto-electronic properties of 
the tunnel junctions, thereby providing a control over the tunneling charge 
transfer plasmon mode. In chapter 5, we give a stability study of the cuboidal 
metal nanoparticles under electron beam and discuss the strategies could be taken 
for avoiding radiation damage. The synthesis of high-quality cuboidal metal 
nanoparticles we use for quantum plasmonics requires deeper understanding of 
the reaction chemistry and kinetics at nanoscale. Chapters 6 and 7 describe the 
real-time visualization of chemical reactions of cuboidal metal nanoparticles in 
solution by using liquid-cell electron microscopy techniques. 
The result presented in this thesis show that self-assembly in bottom-up 
nanofabrication is a promising strategy to obtain high aspect ratios gap between 
nanoparticles. Additionally, the molecules could act as the frequency controllers 
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labeled with ▲) to the conventional, non-tunneling CTP 
mode at 1.18 eV (when filaments are formed in the gap, 
labeled with ●), acquired over a 180 s time interval. (c) 
EELS spectra for the same data in the energy range of 1.5 to 
3.0 eV. The ratio of the higher-energy peaks (labeled with ■ 
and ) changed from 1: 0.9 to 1: 1.6. The widening of the 
filament reduces the charge reflection at the gap and 
therefore lowers the bonding dipolar mode. 
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beam irradiation. (electron dose: 2000-2500 e/Å
2
s) (b) A 
time-resolved series of TEM images where filaments form 
and grow between two closely-spaced monocrystalline gold 
nanocuboids coated with SAMs on a copper grid. 
Eventually, the gap is filled completely and the two particles 
are merged.  
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Figure 5.3 (a) and (b) show the sequence of high resolution 
transmission electron microscopy (TEM) images of filament 
formation of single-crystalline gold cube dimer coated with 
SAMs (electron dose: 2000-2500 e/Å
2
s) and PVP (electron 
dose for the first 20 minutes: 100-120 e/Å
2
s, after 20 
minutes: 1100-1300 e/Å
2
s) on copper grid under electron 
beam irradiation.  
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Figure 5.4 (a) Schematic the deformation of silver nanocube coated 
with SAMs of thiolates under electron beam irradiation. (b) 
Sequence of high resolution transmission electron 
microscopy (TEM) and the corresponding Fast Fourier 
Transforms of a single-crystalline silver cube coated with 
SAMs on SiNx membrane, during electron beam irradiation 
(electron dose: 1500-2000 e/Å
2
s), where a cube-shaped 
particle evolves to an irregular quasi-spherical particle. 
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Figure 5.5 Sequence of TEM images of a monocrystalline silver cube 
coated with polymer (polyvinylpyrrolidone) on a SiNx 
membrane, during electron beam irradiation. (electron dose: 
1100-2000 e/Å
2
s) The cubical-shaped was maintained 





Figure 5.6 (a) and (b) A comparison between SAMs-coated and 
polymer-coated silver nanocubes dimers. Two sequences of 
TEM images are shown with monocrystalline silver cube 
dimers, coated with either SAMs (thiolates) or with a 
polymer capping agent (PVP) on a SiNx membrane under 





Figure 5.7 Illustration of (a) thiolated SAMs and (b) bonding to the 
metal nanoparticles. Schematic of the PVP coating at the 
nanoparticle surface and the bonding to Ag nanocubes (c-d) 
before (monodentate ligand) and (e-f) (bidentate ligand) after 
thermal degradation. 
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Figure 6.1 (a) UV-vis spectra of Ag nanocubes solution before (green 
curve) and after interacting with gold ions solution with 
EDTA (red curve) and without EDTA (black curve). (b) The 
plot of absorbance intensities versus time. Each spectra were 
recorded every 2 minutes. 
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Figure 6.2 (a) Time-lapse TEM images showing a silver nanocube 
interacting with the gold aurate solution inside a liquids cell. 
(b) Schematic of the galvanic replacement reaction between 
silver nanocubes and EDTA-capped gold ions solution. 
Evolution of the particle volume depletion/growth rate as a 
function of time: (c) removal of silver and (d) deposition of 
gold. Blue color region indicates faster initial reaction 
kinetics in comparison with the later red color region.  
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Figure 6.3 TEM images of silver nanocubes after reacting with (a) 
HAuCl4 gold precursor solution (b) EDTA aqueous solution. 
(c) EDTA-capped gold ions solution for 8 minutes, while (c-
f) show the nanostructures where EDTA capped gold ions 
for different reaction times: (d) 5 minutes (e) 8 minutes and 
(f) 10 minutes respectively. (g) and (h) SEM images of silver 
nanocubes after reacting with EDTA-capped gold ions 
solution for 8 minutes. 
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Figure 6.4 Low magnification TEM images of Ag nanocubes (a) before 
and (b) after reacting with EDTA-capped HAuCl4 aqueous 
solution. HRTEM images of an Ag nanocube (c) before and 
(d and e) after reacting with EDTA-capped HAuCl4 aqueous 
solution. The insets show the corresponding diffraction 
pattern. (f) HAADF-STEM image and (g-i) the 
corresponding STEM-EDX maps of an individual Ag/Au 
nanostructure. Note that (g) and (h) show the EDX signal for 




and Ag simultaneously. (j) EDX line-scan profiles of the 
same structure. The yellow line plots the relative counts for 
Au (yellow) and Ag (blue) along the white arrow in panel (i). 
(j) EDX line-scan profiles of the same structure. The yellow 
line plots the relative counts for Au (yellow) and Ag (blue) 
along the white arrow in panel (i). 
 
Figure 6.5 HAADF-STEM tomography images of an individual 
nanostructure where the substrate was tilted from -70° to 
70°. (a) A reconstructed x-y slice extracted from the 3D 
volume in (b). (c) Schematic illustration showing the top and 
side view of the above structure.  
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Figure 7.1 (a-d) Time-lapse TEM images showing two gold nanocubes 
interacting with the silver nitrate aqueous solution in the 
absence of L-ascorbic acid inside a liquid flow cell. 
 
149 
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interacting with the silver nitrate aqueous solution in the 
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TEM image of ex-situ prepared Au@Ag core-shell 
nanostructures with addition of AA. Histograms of Au@Ag 
core shell nanoparticles that are prepared by (g) ex-situ (h) 
in-situ methods respectively. 
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Figure 7.3 TEM images of aged nanocubes at room temperature, ~2 
hours after the washing procedure. 
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Figure 7.4 TEM images of gold nanocubes after reacting with (a) silver 
nitrate solution without ascorbic acid (b) silver nitrate 
solution with ascorbic acid. 
 
152 
Figure 7.5 Low magnification TEM images of ex-situ prepared gold 
nanocuboids (a) before and (c) after reacting with silver 
nitrate aqueous solution (b) UV-vis spectra of the solution 
before (purple) and after (red) adding the silver nitrate 
aqueous solution. The insets show the corresponding 
photographs of the solutions.  
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Figure 7.6 TEM images of gold nanocubes after reacting with fixed 
amount of 20 µl of 10 mM silver nitrate solution and 10 mM 
of ascorbic acid of (a) 10 µl (b) 50 µl (c) 200 µl. 
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Figure 7.7 TEM images of a gold nanocube (a) before and (c) after 
reacting with silver nitrate aqueous solution in the presence 




(d) respectively. (e) and (f) showing the high resolution TEM 
images of a Au@Ag core-shell nanostructure and its 
corresponding FFT (g).  
 
Figure 7.8 TEM images of a gold nanocube (a) before and (c) after 
reacting with silver nitrate aqueous solution in the presence 
of AA and their corresponding diffraction patterns (b) and 
(d) respectively. (e) and (f) showing the high resolution TEM 
images of a Au@Ag core-shell nanostructure and its 
corresponding FFT (g).  
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Figure 7.9 Surface-rendered visualization of the Au@Ag core-shell 
nanostructure morphology reconstructed by HAADF-STEM 
tomography, viewed along the (a) [100] and (b) [001] axes. 
(c) HAADF-STEM tomography images of an individual 
nanostructure where the substrate was tilted from -65° to 




Figure 7.10 Time-lapse TEM images showing a gold nanocube 
interacting with the silver nitrate aqueous solution inside a 
liquid flow cell via (a) Ostwald ripening process and (c) 
monomer attachment. The schematic of the reaction between 
gold nanocubes and silver nitrate aqueous solution for both 
pathways: (b) and (d). The measured thickness of edge (E, 
solid squares) and corner (D, hollow circles) of the Au@Ag 
core-shell particle as a function of time for both pathways: 
(e) and (f). 
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Figure 7.11 Schematic illustrations showing the shape evolution of a 
cubic seed under thermodynamic control for two kinetic 
conditions: (a) Vdeposition/ Vdiffusion << 1 (b) Vdeposition/ Vdiffusion < 
1. 
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Chapter 1  
General Introduction 
1.1. Introduction 
Light can be used as an information carrier and transmitted in fibre 
optic cables or in on-chip optical interconnects. Photonic circuit elements are 
large but they operate at frequencies close to 1 terahertz, several orders of 
magnitude higher than typical switching speeds in microchip transistors. As 
current state-of-the-art nano-electronic devices operate at length scales that are 
much smaller than the wavelength of visible or infrared light, the diffraction 
limit makes it very difficult to combine the ultra-fast properties of photonic 
elements with nano-scale electronics. 
Metal nanostructures have drawn much attention in the research fields 
of physics and chemistry in the past decades due to their unique capability to 
interact with light so as to constitute surface plasmons, which are collective, 
ultra-fast oscillations of electrons at the metal-dielectric interface. Due to this 
high-frequency oscillatory nature of surface plasmons, they are seen as a 
potential candidate to bridge the gap between optics and electronics. By 
combining the small scale of microelectronics and the fast operating speed of 
optics, surface plasmons promise to hold the key to great improvements in 
device efficiency and speed. 
Plasmonic behavior of metals can be described by classical physics 
based on Maxwell's equations. However, these descriptions ignore quantum 
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effects and fail for plasmonic systems with confined dimensions or 
interparticle gaps smaller than 1 nm. In the latter case, quantum mechanical 
tunneling between plasmonic structures becomes non-negligible when two 
plasmonic resonators are placed so closely in space that the plasmon-induced 
fields induce significant numbers of electrons to tunnel across the gap.
1-11 
Direct experimental access to the resulting tunneling charge transfer plasmon 
mode is expected to open up new opportunities in, for instance, nano-scale 
opto-electronics, single molecule sensing, and non-linear optics.
1
  
Hints of such a quantum mechanical plasmon mode have been 
measured indirectly,
6, 10
 and were theoretically shown to become important at 
length scales <0.3 nm, inaccessible by present-day nanofabrication techniques. 
Top-down nanofabrication techniques such as electron-beam lithography 
(EBL) and photolithography do not provide the accuracy to fabricate such 
small gaps between two metal nanostructures accurately and reproducibly.
12-14
 
Due to this lack of resolution in device fabrication, quantum-plasmon effects 
have been difficult to investigate experimentally.  
Despite the lack of control over the device layout design, wet chemical 
synthesis techniques and self-assembly in bottom-up nanofabrication provide a 
promising alternative strategy to achieve such narrow, high aspect ratio gaps at 
a large scale. Moreover, the molecules between the closely-spaced metal 
particles may act as frequency controllers in the terahertz regime, providing a 
new control parameter in the fabrication of electrical circuits that may show 
quantum plasmon tunneling effects. One of the key practical issues in this 
approach is the controlled immobilization of the molecules linking two metal 
nanoparticles leading to well-characterized and stable nanostructures.  
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The research presented in this thesis focuses on the fabrication of high 
aspect ratio, sub-nanometer gaps between two cuboidal metal nanostructures 
and how these gaps are useful in quantum plasmonics. In Chapter 2, a 
literature overview is given on the self-assembly of nanoparticles with sub-
nanometer separations for application in plasmonics. Of particular interest is 
the stability study of the metal nanostructures. 
Chapter 3 deals with the formation of sub-nanometer gaps 
(metal/molecules/metal junctions) by functionalizing the cuboidal metal 
nanoparticle with different mixed self-assembled molecular monolayers 
(SAMs) of thiolates and dithiolates.  
Chapter 4 demonstrates the application of such high aspect ratio gaps 
to realize quantum plasmon tunnelling. Using electron microscopy 
characterization techniques, we demonstrate how the molecules in the gap 
control the gap sizes and the electronics properties of the junctions, providing 
a way to control the tunnelling charge transfer plasmon mode.  
In Chapter 5, we do a step back and give a more detailed stability study 
on the cuboidal metal nanoparticles under electron beam irradiation. This 
chapter discusses the sample degradation effects and the preventive 
approaches that could be taken against radiation damage during experiments 
involving high energy electron beams encountered in transmission electron 
microscopes (TEMs) for instance. 
The synthesis of the high-quality cuboidal metal nanoparticles that we 
produce for quantum plasmonics is not trivial, and its success directly depends 
on the reaction chemistry and kinetics during synthesis. A key issue in the 
field of wet-synthetic nanoparticle synthesis is the real-time visualization of 
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the chemical reaction to track the reaction kinetics and dynamics at nanoscale. 
The mechanisms of the formation of nanoparticles during chemical synthesis 
in solution have been widely studied using ex-situ methods. A popular method 
is to stop the reaction at various stages and image the intermediate reaction 
products by various techniques based on TEM. Chapters 6 and 7 describe the 
mechanisms of the galvanic replacement reaction between silver nanocubes 
and chloroauric acid, and the overgrowth of silver on gold nanocubes in 
aqueous medium, respectively, followed in real-time with in-situ TEM using 
liquid reaction-cells.  
The last Chapter gives a summary and the conclusions, as well as 
an outlook to further extend the work presented in this thesis. 
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Chapter 2      
Plasmonic Properties, Stability and 
Chemical Reactivity of Metal 
Nanoparticles – A Literature Review 
2.1. Introduction 














 due to their ability to interact with light to constitute surface 
plasmons
12
 which are collective electron oscillations at optical frequencies 
(Figure 2.1 a) that can be manipulated at dimensions far below the diffraction 
limit.
13
 Their high oscillation frequencies can potentially enable high speed 
transport of information (>100 THz) to bypass the inherently limited operating 
speed of microelectronics. Another technological advantage is the potential to 
scale plasmonic resonators far below the diffraction limit, which provides a 
route to miniaturize photonic elements
14
 (Figure 2.1 b), thereby improving the 
efficiency and speed of future electro-optical devices. 
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Figure 2.1 (a) Surface plasmons are charge oscillations in noble metal nanostructures.
12
 (b) 
Operating speed and critical dimension of various chip-scale device technologies.
14
 Figure (a) 
reprinted from ref. 12, with permission from Annual Reviews, Copyright 2007. 
 
In this work, we aim to generate tunnel currents between plasmon 
resonators. This is challenging on an experimental level as discussed in 
Chapter 1, but also requires new simulation approaches that include quantum-
mechanical effects beyond the commonly-used numerical methods that solve 
Maxwell’s equations. In order to model the electron tunnelling, Esteban et 
al.
15
 and Wu et al.
16
 adopted a quantum-corrected model (QCM). The former 
shows that the observation of charge transfer plasmon mode (CTP) is expected 
only when the distance down to 0.3 nm
15
 (indicated as by a red circle in Figure 
2.2 a). Alternatively, an extremely high field (10
10 
V/m) is required to enable 
sufficient electrons to tunnel through a vacuum gap.
16
 For this work, we 
collaborated with the latter group of Wu Lin and Bai Ping at IHPC (A*STAR) 






Figure 2.2 (a) Simulation result
15
 and (b) (c) experimental attempts
17-18
 for observing the 
charge transfer plasmon mode (tCTP). Figure (a) reprinted from ref. 14, with permission from 
Nature Publishing Group, Copyright 2012, (b) reprinted from ref. 17, with permission from 
Nature Publishing Group, Copyright 2012, and (c) reprinted from ref. 18, with permission 
from American Chemical Society, Copyright 2013. 
 
After the theoretical predictions were published, a few experimental 
attempts
17-19
 have been carried out to investigate the plasmon-induced electron 
tunnelling phenomena. However, overinterpretation of the results often leads 
to too strong claims. For instance, Savage et al.
17
 has no correlated distance 
measurements as shown in Figure 2.2 (b) while Scholl et al.
18
 did not 
investigate tunneling effect directly but indirectly in the form of  a shift of the 
high-energy peak as shown by the red triangle in Figure 2.2 (c) which could 
also have causes unrelated to tunneling phenomena. For example, such a shift 
indicates the presence of electrostatic coupling, but it is not experimental 
evidence of tunneling. To prove the occurrence of tunneling, we need to 
observe the low-energy peak below 1 eV, while the resonators are not in 
contact with each other, according to theory: one needs to carry out optical 
measurements with spatial resolution far below the diffraction limit.  
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As mentioned in Chapter 1, the theoretically predicted small gaps 
(<0.3 nm) that are necessary for tunneling to occur are inaccessible by state-
of-the-art nanofabrication techniques. However, self-assembled monolayers of 
molecules serve as a potential method to bring the two nanostructures to close 
proximity. In addition, from routine experimental tunnel junctions in 
molecular electronics, molecules with their own characteristic highest 
occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-
LUMO) gaps are known to participate in energy level tuning of the studied 
plasmonic system. To investigate the quantum tunneling effect at this length 
scales (<0.3 nm) and at these frequencies conclusively, atomic resolution 
imaging and single particle nano-optical spectroscopy is required, involving 
the utilization of transmission electron microscopy (TEM) and 
monochromated electron energy-loss spectroscopy (EELS). Thus, the stability 
of the nanostructures against electron beam damage becomes an important 
issue. In future, bimetallic or core-shell plasmon resonators may become 
important in the study of plasmon-induced tunneling, as they allow more 
flexibility in plasmon frequency-tuning. This thesis therefore also contains a 
section where galvanic replacement in solution is observed to form bimetallic 
and core-shell gold-silver nanoparticles.  
To conduct this study, several questions must be answered: (i) How to 
precisely control the gap sizes between two nanostructures down to the 
quantum regime (<1 nm)? (ii) What is the role of the self-assembled 
monolayer of molecules and how to correlate the molecular properties to the 
charge transfer plasmon mode? (iii) How does the stability of the metal 
nanostructures impact on the quantum plasmonics study? (iv) How does the 
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chemical composition of the metal nanostructures change in the presence of 
other metal ions? Therefore, well-defined chemical and structural plasmonic 
nanostructures are needed to study quantum plasmonics in practice. 
Here, we review recent progress of noble metal nanostructures in 
engineering sub-nm separations, characterization techniques to study the 
charge transfer plasmon mode, stability of the nanoparticles against electron 
beam irradiation, and also their chemical reactivity with other metal ions in 
solution.  
 
2.2. Engineering Sub-nm Gaps in Nanostructures for Applications in 
Plasmonics 
A textbook system for study the quantum mechanical tunneling is a 
nanoparticle dimer with a small gap. Engineering sub-10 nm gaps in 
nanostructure dimers or larger assemblies of nanostructures have been readily 
achieved by top-down and bottom-up approaches. Here, we briefly review 
these two general approaches, and discuss the pros and cons for each approach. 
 
2.2.1. Top-down Approach 
Top-down fabrication techniques such as electron beam lithography 
(EBL) provide several advantages.
 
(i) Tailorable metal patterns and arrays can 
be fabricated. For instance, particles of any geometries and sizes, can be 
arranged in any array including dimers, trimmers, oligomers, chains, etc. (ii) It 
gives high yield and reproducibility over other techniques. Mirkin et al.
20-29
 
introduced a new method which is called on-wire lithography (Figure 2.3 a). 
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This novel, high-throughput method is useful to synthesize one-dimensional 
arrays of metal nanostructures (Figure 2.3 b) that could control the separation 
between adjacent structures down to 1-2 nm. The drawbacks of EBL are: (i) it 
requires relatively complicated and expensive equipment, (ii) it can only 
generate metal patterns over small areas, iii) it is difficult to up-scale without 
running into time restraints, and iv) the metal patterns generated are 
polycrystalline, which can cause significant plasmon damping at grain 
boundaries.  
 
Figure 2.3 (a) On-wire lithography (OWL) introduced by Mirkin’s group and (b) the resulting 
gold nanorods dimers.
20
 (c) Encapsulating annealing method reported by Bosman et al. and  (d) 
the TEM image and electron diffraction pattern of the same ring structure before and after 
annealing.
30
 Figure (a) and (b) reprinted from ref. 20, with permission from American 




Moreover, surface roughness, adhesion layers and substrate effects 
have also been reported as causes of plasmon damping in EBL-fabricated 
samples. Bosman et. al.
30
 reported a method of encapsulated annealing (Figure 
2.3 c) that could preserve the shape of polycrystalline gold nanostructures, i.e. 
reducing the grain boundaries density (Figure 2.3 d) so as to reduce the 
plasmon damping in lithographically-defined structures. (v) It is unlikely to 
achieve routine sub-nanometer gap fabrication any time soon, which makes 





2.2.2. Bottom-up Approach 
On the other hand, aligning nanostructures with a small separation is 
relatively easily-achievable by wet-chemical solution processing methods. 
There are two common interactions used to assemble the nanoparticles. (i) 
Supramolecular assembly where molecules act as the linkers for guiding the 
nanoparticle assembly. This can be done via covalent forces
34-41
 (Figure 2.4 a 
and b) such as metal-thiolate covalent bonding or non-covalent (Figure 2.4 c) 
interactions
42-44
 such as Van der Waals interaction, electrostatic forces, etc. (ii) 
Solvent interactions
45-49
 (Figure 2.4 d) where the assembly is driven by 
solvent-mediated interactions among hydrophobic ligands such as alkanethiols 
selectively bound to one side of the nanoparticles and hydrophilic surfactants 





Figure 2.4 (a) Scheme and (b) TEM images of linear chain of Au nanocrystals formation 
through covalent interaction (amide bond).
41
 (c) Schematic assembly mechanism using 
glutathione, cysteine and CTAB via non-covalent interaction (electrostatic forces).
44
 (d) The 
growth of colloidal polymer chains where the nanorods carrying CTAB (hydrophilic) on the 
long side and thiol-terminated polystyrene (hydrophobic) molecules on the ends.
45
 Figure (a) 
and (b) reprinted from ref. 41, with permission from The American Association for the 
Advancement of Science, Copyright 2007, (c) reprinted from ref. 44, with permission from 
Royal Society of Chemistry, Copyright 2007, (d) reprinted from ref. 45, with permission from 




Wet-chemical or bottom-up approaches have been widely used for 





high monodispersity. Chemically-synthesized nanoparticles are single-
crystalline and experience less plasmon damping than those lithographically-
defined nanostructures. In particular, the atomically smooth surfaces of silver 
nanocubes would enable the formation of high-quality interparticle gaps with 
distinct and flat interfaces. In addition, wet-chemical methods facilitate large-
scale production of nanostructures without escalating time restrictions. Unlike 
top-down lithography, in wet-chemical synthesis, it is possible to control the 
inter-particle distance with the surface molecules.  
However, large scale solution-phase method encounters reproducibility 
problems because of a lack of control over the assembly process, so the yield 
of—say—particle dimers is typically much lower for wet-chemical synthesis 
than for top-down methods. 
 
2.3. Characterization Techniques for the Charge Transfer Plasmon 
Mode 
A number of methods have been developed to characterize and study 
the plasmon-induced quantum tunneling phenomenon between closely-spaced 
metal nanostructures. The ultimate goal of plasmonics is to manipulate surface 
plasmons at the nanoscale, and complicated technologies have been used to 
characterize plasmons in detail. Here, we review the recent characterization 
techniques that have been in attempts to demonstrate quantum tunneling in 
plasmonics. Generally, they can be classified into two categories: (i) far-field 
spectroscopy (ii) near-field spectroscopy. 
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2.3.1. Far-field Optical Characterization 
The most traditional and economic way to measure the plasmonic 
response of metal nanostructures is collecting the absorption or extinction 
spectrum by using the UV-Vis NIR spectrometer
53, 56
. Metal nanostructures 
exhibit a strong signal at their localized surface plasmon resonance 
frequencies. This can be done for nanostructures in suspension to examine the 
shapes, sizes, uniformity, etc. of the nanostructure morphologies. However, to 
study the quantum tunneling effect, dried nanostructures on well-dispersed 
substrates are much more practical study objects than nanoparticle suspensions. 
Thus, dark-field scattering microscopy coupled with UV-Vis spectrometry has 
been used. The scattering spectrum changes as a function of incident light 
polarization, wavelength, and dielectric environment. 
Kern et al.
57
 studied the white-light scattering spectra of side-by-side 
aligned nanorod dimers followed by the gap characterization in scanning 
electron microscopy (SEM). They reported that a peak at 800 meV 
corresponds to the symmetric and antisymmetric dimer modes due to the 
presence of atomically confined and resonantly enhanced optical fields in the 
gap. The energy splitting of each mode is a measure of coupling strength 
which depends on the gap width and refractive index of the material inside the 
gap. Without any means of controlling the gap width (simply drop-casting as 
shown in Figure 2.5 a and b), various geometries of the assembly products can 




Figure 2.5 (a) STEM image and (b) zoom in gap region of a nanorod dimer.
57
 Normalized 
scattering spectra of a nanoshell dimer (c) from non-touching to (d) touching region. (black 
spectra: unpolarised illumination; blue and red: polarization arrows of the same colours in the 
insets).
58
 (e) Schematic of nanoparticle-film separated by an amine-terminated alkanethiolates 
SAM. (f) The corresponding normalized dark-field measured spectra for films with SAM 
spacer layers of different carbon numbers.
59
 (g) Dark-field microscopy image of the gap 
consisted of two AFM-tips, SEM image of the ball-type tip and (h) measured scattering 
spectra at different distances between two tips.
17
 Figure (a) and (b) reprinted from ref. 57, with 
permission from American Chemical Society, Copyright 2012, (c) and (d) reprinted from ref. 
58, with permission from American Chemical Society, Copyright 2008, (e) and (f) reprinted 
from ref. 59, with permission from The American Association for the Advancement of 
Science, Copyright 2012, (g) and (h) reprinted from ref. 17, with permission from Nature 






 reported an optical study of 1,9-nonanedithiolates 
SAMs functionalized gold nanoshell dimers (Figure 2.5 c) and fused dimers 
(coined as “nanopeanuts” in Figure 2.5 d) with dark-field micro-spectroscopy. 
At close distances (1.0 - 1.5 nm), hybridized plasmon modes appear whose 
energies are extremely sensitively to the presence of a small number of 
molecules in the interparticle junction. When touching, a new plasmon mode 
arises from charge transfer via conduction, as the particles are in electrical 
contact and charge oscillates over the whole length of the fused double-
particle system.  
Yang et al.
60
 studied the Rayleigh scattering spectra of silver 
nanospheres dimers with diameters of 41.0 ± 4.6 nm, self-assembled with a 
rational DNA programmed procedure to form gaps ranging from 1 to 25 nm. 
For larger gaps, the plasmon resonance energy (Eres) red-shifts continuously 
with decreasing center-to-center distance (L) until the L-to-diameter (D) ratio 
reaches a value of L/D ≈ 1.05. For small gaps, Eres does not further red-shift; 
but the measured resonance energies become broadly distributed. Overall, they 
concluded that the spectral response of nearly touching dimers does not 
continue to intensify with decreasing gap sizes. This is not conclusive 
evidence for the occurrence of tunneling, as these gap sizes are still not 
considered small enough to observe significant quantum tunneling. 
Ciracì and co-workers
59
 demonstrated the use of SAMs of amine-
terminated alkanethiolates to control the gap between the Au nanoparticle 
(NP) and gold film in order to study the field enhancements of this metal 
support surface plasmons  (Figure 2.5 e). The optical scattering of the Au NPs 
spaced a few angstroms from a gold film is studied. The plasmon resonant 
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scattering spectra for each sample, corresponds to different gap sizes as 
determined by the chain length of SAMs. Ellipsometry results further support 
the statement that the gap could be precisely controlled by the spacers of 
SAMs. When the NPs were brought closer to the film, coupling between NP 
and film induced a red-shift in the plasmon resonance wavelength (Figure 2.5 
f). They compared the experimental results with a hydrodynamic theoretical 
model, and concluded that non-local effects are dominant where the electric 
permittivity of the spacer layer must be taken into account.  
Savage et al.
17
 also reported observing the quantum tunneling effect by 
placing two AFM tips at sub-nm distances (~0.3 nm) by piezoelectric 
actuation stages as shown in Figure 2.5 (g), followed by plasmon excitation 
with a laser, while the scattered light was collected and filtered to suppress 
background signal. They investigated three interaction regimes: capacitive 
near-field coupling (50 nm > d > 1 nm), the quantum regime (1 nm > d > 0 
nm), and physical contact with conductive coupling (d < 0 nm). They found 
that when the separation between two nanostructures reduces below a critical 
size, the plasmon interactions enter the quantum regime, thereby showing a 
blue shift of the resonances (Figure 2.5 h). They attribute this observation to 
the screening of localized surface charges by quantum tunneling and a 
consequent reduction in plasmonic coupling. However, their imaging 
technique could not confirm the proposed gap sizes and therefore the 






2.3.2. Near-Field Spectroscopy of Plasmons 
Near-field techniques such as scanning near-field optical spectroscopy 
(SNOM) can offer better spatial resolution than traditional optical microscopy. 
Unlike far-field techniques, SNOM scans the surface with a metal-coated 
optical probe that can detect evanescent waves, i.e., plasmons. However, the 
resolution is limited by the size of the probe that could offer the best resolution 
of ~20 nm. Other near-field techniques are provided by TEM-based 
spectroscopy, especially EELS and cathodoluminescence. The probe in these 
techniques is a converged beam of electrons, typically a nanometer or so in 
diameter, which can be placed with sub-nanometer accuracy at any location to 
excite surface plasmons. The advantage of all near-field techniques is the ease 
of probing single particles or single dimers, which is more difficult to achieve 
with far-field techniques that typically measure the response of large 




Figure 2.6  (a) STEM images and (b) corresponding EELS spectra of gold nanoprisms pairs 
with different bridge and gap sizes.
19
 Figure (a) and (b) reprinted from ref. 19, with permission 
from American Chemical Society, Copyright 2012. 
 
To conclusively study the gap sizes and the quantum tunneling effect, 
electron beam imaging and spectroscopy are a step forward, as they will 
provide much better resolution than photon-based probes. Besides the ability 
to perform local spectroscopy, it is also possible to perform direct sub-
nanometer imaging at the same location. Using a scanning transmission 
electron microscope (STEM) and simultaneous EELS, Duan et al.
19
 observed 
the gradual evolution of the bonding dipole plasmon (BDP) between pairs of 
nanoprisms separated by gaps down to 0.5 nm and also pairs connected by 





 reported the observation of unusual quantum phenomena for the 
BDP mode for silver nanosphere dimers from 3 nm separation to 8 nm wide 
bridges by using a STEM probe and simultaneous EELS measurements 
(Figure 2.2 c). For both studies, the tunneling cross sections (the surface areas 
that define the gap in the case of spheres and prisms) are not large enough, so 
the tunneling charge transfer plasmon mode still remains elusive, as 
manifested by the absence of the low-energy resonance (tunneling charge 
transfer mode) around 0.4-1.0 eV in these experiments for structures separated 
by a gap. 
 
2.4. Stability of the Metal Nanoparticles against Electron Beam 
Irradiation 
The characterization of nanoparticles often involves the utilization of 
TEM or SEM based techniques, but these techniques are based on high-energy 
electron beams which  may cause (un)wanted changes to the specimen such as 
structural degradation, radiolysis of surface molecules, contamination build-up, 
electron-induced atomic displacements, or heating. Here, we review the 
mechanisms of electron beam-induced damage on functionalized metal 
nanoparticles and dimers. 
 
2.4.1. Electron Beam-Induced Damage 
Electron beam-induced damage comes in many forms, such as 
electron-nucleus scattering, which has been identified to produce electrostatic 
charging. Atomic displacement (“knock-on” effect) and electron beam 
22 
 
sputtering of the TEM specimen are examples of such electron-nucleus 
interactions. On the other hand, inelastic scattering of the electron can cause 
specimen heating, ionization damage (radiolysis), hydrocarbon contamination, 




1. Knock-on effect (Atomic displacement): 
If the incident electron energy, E (in eV) exceeds some displacement 
energy, Ed (dependent on bond strength, crystal lattice and atomic weight of 
the constituent atoms), atomic nuclei can be displaced to interstitial positions 
and thereby degrade the crystalline order. This damage is predominant in 
conducting specimens such as metals. The degree of damage is dependent on 
the TEM accelerating voltage.
62
 The Ed values are very much lower than the 
TEM accelerating voltages, so knock-on damage will always occur to certain 
degree. 
Table 2.1 Displacement energy (Ed); and the corresponding threshold value of incident energy 
(E0), for some common materials. Adapted from Hobbs  et al.
63 
Materials Ed (eV) E0 (keV) 
Graphite 30 140 
Diamond 80 330 
Aluminium 17 180 
Copper 20 420 
Gold 34 1320 
 
2. Electrostatic charging: 
The net charge added to the specimen per second depends on 
backscattering coefficient and the yield for the emission of secondary 
electrons. The charge repulsion between the beam and the charged sample can 
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cause a mechanical force
61
 that the specimen is unable to withstand, e.g. 
tearing of polymer films, dislodging of particles, and sample vibrations. 
3. Electron beam sputtering: 
If high-angle scattering occurs at an atom which lies at the surface of a 
specimen, the energy, Es required for displacement is relatively low; surface 
atoms do not have to be squeezed into an interstitial site, they are free to leave 
the specimen and enter the vacuum of the microscope. In addition, they are 
bound less tightly as the number of bonds to neighbouring atoms is low (i.e., 
low coordination number) at the surface. This is dependent on incident 
direction in a high angle collision and only happens at the beam-exit surface. 




4. Electron beam heating: 
Energy transferred during inelastic scattering can turn into X-rays, UV 
or visible radiation; it may also end up as heat within the specimen. Heat loss 
occurs through thermal conduction and radiation. It is found that the heating is 





 reported that the temperature rise in an organic specimen can reach a 
few hundred degrees for a stationary probe. However, the temperature could 
easily go down by a factor of ten if the beam is scanned at video rate. 
5. Ionization Damage (Radiolysis): 
Electron beam degradation occurs when the specimen undergoes loss 
of crystallinity or mass loss. This damage arises from the inelastic scattering 
of the incident electrons and is predominant for insulating specimens.
62
 
Examples of known beam-sensitive materials are alkali halides, oxides, and 
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transition metal oxides. Chemical bonds of organic materials are broken, 
molecule changes in shape, shift in position and loss of crystallinity. This 
damage can be distinguished from knock-on damage in terms of incident 
energy, E and temperature dependence, T. The electron dose required to create 
damage, Dc for radiolysis increases with E and decreases with T while for 
knock-on effect, Dc decreases with E and varies little with T.
62
  
6. Hydrocarbon Contamination: 
This leads to mass gain as hydrocarbon molecules on the sample 
surface are polymerized by electrons, this polymer has low vapour pressure 
and surface mobility so thickness is increased during irradiation. Diffusion of 
hydrocarbons along the specimen surface is the main source of most 
hydrocarbon contamination. The specimen itself is the local source of 
hydrocarbons; to minimize this effect, organic residues on the samples should 
therefore be minimized. This can be done by plasma cleaning, heating to 
desorb hydrocarbons, cooling the specimen to reduce their mobility, or for 
samples made from particle suspensions by washing the suspension well. 
Among the effects mentioned above, the knock-on damage and the 
ionization damage are critical for organic monolayer-coated inorganic 
nanoparticles. Knock-on effects usually occur in conducting inorganic 
specimen
62
 where the accelerating voltage of the incident electron beam is 
higher than the displacement energy of the material or the electron dose 
exceeds about 1000 C cm
-2
. On the other hand, the ionization damage is 
predominant for insulators such as organic monolayer molecules at all 




2.4.2. Sintering Mechanisms for Dimers or Clusters of 
Nanoparticles 
When two nanoparticles are separated by a narrow gap of 1-2 nm, 
sintering is dominant when the nanoparticle atoms diffuse across the 
boundaries of the particles, fusing the particles together resulting in one solid 
piece. Chen et al.
65
 reported two kinds of sintering mechanisms (Figure 2.7 a 
and b). (1) Ostwald ripening, where the metal atoms leave a metal particle, 
diffuse over the sample support and attach to another metal particle. (2) 
Surface diffusion, where the particles diffuse across the metal surface and 
collide with other particles, leading to the formation of neck like structures 
bridging adjacent particles, driven by the large surface tension resulting from 
the small particle size. Moreover, the sintering behaviour of bare metal 
particles is dependent on size while for passivated particles it is dependent on 
the stability of ligands to the electron beam. Larger passivated particles will 
have a larger electron scattering cross section (σ) which could enhance 
electron-material interaction, much more efficient for ligands removal, 





Figure 2.7 Two sintering processes: (a) Ostwald ripening
65
 (b) Surface diffusion induced neck 
formation and (c) the evolution of size as a function of time.
66
 Figure (a) reprinted from ref. 65, 
with permission from American Chemical Society, Copyright 2006, (b) and (c) reprinted from 
ref. 66, with permission from American Chemical Society, Copyright 2009. 
 
In addition, surface diffusion between two metal nanoparticles with 
narrow gaps of 1-2 nm has also been reported.
18, 66-68
 Flüeli and co-workers
68
 
reported that the intense incident electron beam (20 A cm
-2
 at 300 kV) would 
favour the coalescence of the particles. The presence of stacking faults and 
other structural defects in the newly formed crystal were first observed and 
subsequently a neck was formed between particles. The sintering process was 
further enhanced by the migration of surface atoms which partly took place via 
the carbon substrate. The initial relative orientation of the particles was also a 
determining factor for the rapid sintering process. 
 Lim et al.
66
 reported a real-time TEM study of the coalescence of 
individual pairs of decahedral gold nanoparticles. They observed the rate of 
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growth of the neck that joins two particles during coalescence and compare 
this to classical continuum theory and to atomistic kinetic Monte Carlo 
simulations as shown in Figure 2.7 (c). The authors attributed the 
disagreement between the observed results and classical continuum model to 
the faceted nature of the particles. Observations of spatially isolated pairs of 
nanoparticles have revealed a late-stage neck growth process with 
characteristic power law of D~ t
0.31-0.37
, which differs substantially from the 
relationship D~ t
0.16 
predicted by the classical continuum theory.  
Surrey et al.
67
 reported quantitative measurements of surface self-
diffusion. They indicated that the observed motion is due to the diffusion of 
the gold atoms at steps and edges of the particle surface. Impressively, they 
recorded the whole self-diffusion process at the atomic scale using aberration-
corrected high resolution transmission electron microscopy (HRTEM). They 
also estimated the diffusion coefficient by measuring the fluctuation of the 
atom column occupation at the surface of a gold nanoparticle. The estimated 






/s for both gold 
icosahedra and truncated octahedra.  
Scholl et al.
18
 demonstrated the use of the electron beam to induce 
motion of the particles along a substrate, following earlier work by Batson et 
al.
69
, which allowed the controlled convergence and coalescence of particles. 
They attributed the cause of the movement to (1) the electron beam-facilitated 
surface diffusion of the nanoparticles’ atoms and (2) nanoparticle polarization 
due to the passing electron’s electric field. If the polarizations of the individual 
particles of a dimer become aligned, an attractive Coulombic force can be 
generated between them. 
28 
 
2.4.3. Strategies to Control Damage Caused by Electron Beam 
To minimize the radiation damage caused by the electron beam, many 
strategies have been proposed. For instance, low-energy or low-dose imaging 
techniques,
70
 specimen cooling with liquid nitrogen
71
 or specimen coating
72-73
 
have been adopted to reduce the radiation damage. Specifically, ionization 
damage could be reduced by lowering the specimen temperature by reducing 
the atomic mobility
71, 74-75
 while lowering the incident beam energy and 
electron dose could minimize the knock-on effect.
76-77
 
In addition, specimen coating with carbon
72-73, 78
 has also been 
demonstrated to show the protective effect where the coating acts as a 
diffusion barrier, reducing the escape rate for light gaseous elements. For 
inorganic materials, the coating not only reduces the rate of desorption-
induced electronic transitions (DIET)
79
 but also reduces the electrostatic 
charging effect.
72
 Although this method is able to reduce the radiation damage, 
it also causes another problem of hydrocarbon contamination
61
 where the 
hydrocarbon molecules on the specimen surface for a coating that gets thicker 
while irradiation proceeds. This makes the characterization of nanoparticles by 
the electron beam much more difficult as much of the transmitted electron 
signal is absorbed or elastically scattered.  
 
2.5. Chemical Reactivity with Other Metal Ions in Solution 
Real-time visualization of chemical reactions at the nanoscale is a key 
challenge in the field of wet synthetic nanoparticle synthesis. A popular 
method to investigate the reaction kinetics is to stop the reaction at various 
stages and image the intermediate reaction products by TEM. This approach 
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yields detailed information about the structure of the (intermediate) reaction 
products, but early stages of the reaction, or fast reactions (on the order 
minutes or less), cannot be investigated. In addition, the effects of sample 
preparation—treating the suspension with other solvents followed by 
centrifugation and drop casting of a small volume of the reaction mixture on 
the TEM grid following by removal of the solvents and associated changes in 
the concentrations (and the reaction kinetics) during evaporation—are not 
known.  
 
2.5.1. Introduction to Liquid Cells Electron Microscopy (LC-EM) 
In-situ electron microscopy with liquid cells is an emerging technique 
for elucidating the mechanisms of nanostructure formation.
80-82
 The first 
electrochemical LC as shown in Figure 2.8 (a) was introduced by Williamson 
et al.
83
 in the year of 2003. However, the resolution was limited by the large 
total sample thickness (100 nm of each SiN membrane, 50 nm gold electrode 
and liquid thickness >1 µm), the best resolution achieved was 5 nm. Zheng et 
al.
81
 pushed the membrane thickness to 25 nm (Figure 2.8 b) in the year of 





Figure 2.8 Schematic of an assembled liquid cell. (a) Electrochemical cell,
83
 (b) regular cell
81
 
and (c) flow cell.
84
 Figure (a) reprinted from ref. 83, with permission from Nature Publishing 
Group, Copyright 2003, (b) reprinted from ref. 81, with permission from The American 
Association for the Advancement of Science, Copyright 2009, (c) reprinted from ref. 84, with 
permission from PNAS, Copyright 2009. 
 
In the same year, de Jonge et al.
84
 described the use of the flow cell  
(Figure 2.8 c) to image whole biological cells in liquids with a constant flow 
of a buffer solution. This capability made it possible to study the reactions 
involving mixing of solvents or injecting reactants. Nonetheless, critical issues 
still need to be addressed, such as sample drift introduced by the liquid flow, 
membrane rupture, contamination, etc. 
With the development of in-situ liquid cell electron microscopy and 
microfluidic devices, real-time high-resolution TEM/STEM imaging of 
processes in liquids was made possible. Many dynamic processes have been 







 , electrochemical 
deposition,
83









. Here, we summarize the recent progress in metal 
nanoparticles synthesis using liquids cells (LC) TEM. 
 
1. Growth mechanisms 
Zheng et al.
81
 compared growth by nanoparticle coalescence with that by 
monomer attachment side-by-side within the same field of view (Figure 2.9 a). 
It is very interesting that two types of growth mechanisms reached the same 
particle size of the final product (Figure 2.9 b). It showed that the coalesced 
nanoparticle experienced recrystallization and shape re-arrangement, which 
prevented additional platinum atoms from attaching to the nanoparticle. So, a 
pause during growth was observed after a coalescence event, which allowed 
the nanoparticle by monomer attachment to catch up. Kraus et al.
93
 reported 
that the dendritic nucleation was induced by the electron beam which led to an 
initial burst of growth as shown in Figure 2.9 (c). They studied the growth rate 





Figure 2.9 (a) Time-lapsed TEM images (left column) and false colour enlarged (1.5 times) 
images (right column) for Pt nanoparticles growth by means of monomer addition and 
coalescence. (b) Evolution of particle size as a function of time for two types of growth 
means.
81
 (c) Time-lapsed TEM images indicating the growth of Au dendrites.
93
 Figure (a) and 
(b) reprinted from ref. 81, with permission from The American Association for the 
Advancement of Science, Copyright 2009, (c) reprinted from ref. 93, with permission from 
American Chemical Society, Copyright 2013. 
 
2. Shape control mechanisms and the role of surfactants  
Many factors such as the concentration of the precursors, temperature, 
surfactants, etc. would affect the chemical potential of crystallization, thereby 
determining the final shape of the particles formed. Liao et al.
94
 reported the 
role of the surfactant (oleylamine) on the shape evolution of platinum iron NPs 
(Figure 2.10 a). They claimed the prominence of the dipolar interactions 
between NPs where the NPs are stabilized without breaking down. They also 
attributed this to the steric hindrance effect. Jungjohann et al.
95
  showed Pd 
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growth in dilute Pd salt solution on Au seeds resulting in the formation of 
core-shell NPs as demonstrated in Figure 2.10 (b-g). They showed that the size 
and shape of the Au seeds determine the morphology of the Pd shells via 
preferential Pd incorporation in low-coordination sites and avoidance of 
extended facets. The growth was limited by the ion diffusion in the solution. 
Recently, Liao et al.
87
 further reported the growth of platinum nanocubes in a 
liquid cell using TEM with high spatial and temporal resolution. Time-lapsed 
images are shown in Figure 2.10 (h). They studied the growth rate of all facets 
and found that for all low index facets the growth rates are similar until the 
{100} facets stop growing while the other facets continue to grow to finally 
lead to the formation of a nanocube. This study is supported by calculations 
which show that the much lower ligand mobility on the {100} facets is 
responsible for arresting the growth of the {100} facets.  
 
Figure 2.10 (a) The formation of twisted Pt3Fe nanorods and the subsequent straightening 
process.
88
 (b-g) Comparison of Pd growth on (b) 5 and (d) 15 nm Au seeds and (c) and (e) 
their corresponding Au@Pd core-shell nanostructures. The schematic in (f) and (g) illustrate 
the final morphologies of the two sizes Au seeds.
95
 (h) Sequential high-resolution TEM 
images showing the growth of a single Pt nanocube.
87
 Figure (a) reprinted from ref. 88, with 
permission from the American Association for the Advancement of Science, Copyright 2012, 
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(b-g) reprinted from ref. 95, with permission from American Chemical Society, Copyright 
2013, (h) reprinted from ref. 87 with permission from The American Association for the 
Advancement of Science, Copyright 2014. 
 
3. High resolution imaging using graphene liquid cells 
The graphene liquid cell as shown in Figure 2.11 (a) and (b) has 
enabled the study of colloidal nanocrystal growth with excellent high 
resolution imaging. This is because electron scattering due to the thin 
membrane window can be minimized. Yuk et al.
96
 used this new type of LC to 
explore the mechanism of platinum nanocrystal growth and discovered site-
selective coalescence (Figure 2.11 c), structural reshaping after coalescence, 
and surface faceting along the growth trajectories. A disadvantage of graphene 
liquid cells is their limited size; they are typically less than 100 nm in diameter. 
 
Figure 2.11 (a) A schematic illustration of a graphene liquids cell (GLC), encapsulating a 
solution. (b) TEM image of a GLC. (c) Atomic –resolution TEM imaging indicates the Pt 
nanocrystal growth via coalescence.
96
 (d-g) Time evolution of the dendritic structure and (h) 
its corresponding applied electrical potential and measured electrical current. The intensity R 
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from the ROI indicated by the green box demonstrates the sensitivity of the Pb
2+
 ions 
concentration to the STEM beam’s sensitivity.97 Figure (a-c) reprinted from ref. 96 with 
permission from the American Association for the Advancement of Science, Copyright 2012, 
(d-h) reprinted from ref. 97 with permission from American Chemical Society, Copyright 
2012. 
 
4. Electrochemical liquid cells 
The electrochemical deposition of metal clusters or dendritic structures 





 reported the electrochemical deposition of lead from an aqueous 
solution of lead (II) nitrate (Figure 2.11 d-g). Both the lead deposits and the 
local Pb
2+
 concentration were monitored. They used quantitative image 
analysis to extract the rate of Pb deposition and found that the current passed 
through the sample correlated well as shown in Figure 2.11 (h). 
 
5. Nanoparticle motion 
Motion of nanoparticles in growth solutions may dominated by 
Brownian motion, chemical reaction-induced local concentration gradient, 
liquid flow, electron beam effects during TEM observation, etc. Zheng et al.
99
 
studied the diffusion of spherical and rod-shaped gold nanoparticles in water 
with 15% glycerol. It was observed that nanoparticles show random Brownian 
motion plus jumps. Long distance motion due to liquid drag was also recorded. 
de Jonge et al.
100
 used STEM to image gold nanoparticles in several 
micrometer thicken films of water. White et al.
101
 studied the charged Pt 
nanoparticle dynamics in water and Mueller et al.
102
 captured the motion of 
gold nanorods in a flow cell. Liu et al.
90
 studied the self-assembly of charged 
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gold nanoparticles in liquid. Park et al.
89
 directly observed nanoparticle super 
lattice formation. Lu et al.
92
 studied the dynamics of NPs in a single 
nanodroplet and they reported the motion is heavily damped by the strong 
particle-surface interactions mediated by the few atomic layers of liquids 
between them (Figure 2.12 a). Aabdin et al.
103
 reported that the critical 
misalignment angle for nanocrystals (Figure 2.12 b) to merge would result in 
two distinct bonding pathways for two gold nanoparticles undergoing merging 
process involving defect-free and defect-mediated attachment of the NPs.  
 
Figure 2.12 (a) Schematic diagram and TEM image showing the motion of nanoparticles in a 
nanodroplet.
92
 (b) Schematic illustrates the bonding pathways of two Au nanoparticles in term 
of critical misalignment angle.
103
 (c) Schematic of beam induce growth of Ag nanoparticles.
104
 
Figure (a) reprinted from ref. 92 with permission from American Chemical Society, Copyright 
2014, (b) reprinted from ref. 103 with permission from American Chemical Society, 





6. Reduction mechanisms and electron beam effects 
An electron beam not only reduces dissolved metal salt ions, but also 
produces bubbles in liquids, generates solvated ions/electrons and may flatten 
and move the studied liquid film. Thus, the reactions under electron beam 
irradiation can be complex and the efforts to elucidate nanoparticle growth 
mechanisms under electron beam irradiation are highly valuable for the 
understanding of nanocrystal growth in general. Woehl et al.
104
 studied silver 
particle growth by using a flow cell and found that electron beam current 
played a major role in controlling the morphology of silver nanocrystals 
(Figure 2.12 c). It was demonstrated that under a low beam current, reaction-
limited growth was preferred and nanocrystals with faceted structures were 
obtained. Under a higher beam current, diffusion limited growth was dominant 
and nanocrystals with more complex shapes were formed. Isolation of these 
two growth regimes showed a new level of control over nanocrystal growth 
under electron beam irradiation.  
 
2.5.2. Engineering the Gold and Silver Nanostructures via Control 
of Elemental Composition 
Galvanic replacement reactions and core-shell nanoparticle formation 
have attracted much attention due to their versatility to generate novel metal 
nanostructures with tuneable and well-controlled properties. For instance, the 
localized surface plasmon resonances (LSPR) of Ag-Au alloy nanocages 
formed via a galvanic replacement reaction can be tuned across the visible 
regime and into the NIR.
105
 The Ag@Au core-shell nanostructure exhibits one 





 which is different from the Au and Ag individual particles (Au at 520 




2.5.2.1. Galvanic Replacement 
Galvanic replacement reactions are used to prepare bimetallic/alloy 
nanostructures based in which the metal ions with higher oxidation potentials 
undergo reduction by oxidizing the metal present on the nanoparticle.
108-109 
Silver nanocubes are often used as sacrificial templates for galvanic 
replacement reactions with different oxidizing agents such as aurate 
(HAuCl4),
109-110
 platinum (II) ions (Na2PtCl4),
111
 palladium (II) ions 
(Na2PdCl4).
112
 In this study, we focus on the replacement of Ag with Au 
resulting in the formation of nanobox/hollow nanostructures composed of Au-
Ag alloy single crystals. More complex structures could be generated by 
coupling galvanic reactions with other chemical/physical processes. For 
instance, Sun et al. has fabricated hollow metal nanostructures with multiple 
walls by coupling galvanic replacement with sequentially deposited templates 
where specifically single-walled Au-Ag nanoshells were first prepared via 
galvanic replacement, subsequently followed by reduction and another round 
of galvanic replacement to generate double-walled nanoshells, by repeating 
the cycle to produce multi-walled nanostructures.
113
 While González et al. has 
fabricated Au-Ag double-walled nanoboxes preparation through simultaneous 
galvanic replacement and Kirkendall effect.
114
 
For galvanic replacement between Ag nanocubes and aurate, Sun et 
al.
115
 identified three distinct steps in the reaction of silver nanostructures with 
chloroauric acid by ex-situ TEM imaging (Figure 2.13 a and b): (i) pinholes 
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form in the silver nanocubes via etching of the Ag by the aurate, (ii) the 
dissolution of silver nanocubes which also an Au-Ag alloy forms on cubes 
walls, and (iii) de-alloying, followed by growth of the Au layer at the expense 
of the Ag until finally the Au structures form.  
 
Figure 2.13 (a) Mechanism proposed and (b) schematic based on the ex-situ SEM observation, 
the so-called ‘quench-and-look’ approach for galvanic replacement reaction between Ag and 
Au.
115
 (c) In-situ liquid cell-electron microscopy (LC-EM) used for observing the galvanic 
replacement reaction between Ag and Pd.
116
 Figure (a) and (b) reprinted from ref. 115 with 
permission from American Chemical Society, Copyright 2004, (c) reprinted from ref. 116 




  have also proposed that the galvanic replacement between 
silver nanowires and HAuCl4 involves multiple steps, based on the images 
recorded by using in-situ transmission X-ray microscopy (TXM) in 
combination with a flow cell reactor: (i) local initiation of the pitting process 
(ii) anisotropic etching of the silver nanowires and uniform coating of gold 
and (iii) reconstruction of the nanotube walls via the Ostwald ripening process. 
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However, the spatial resolution of the TXM is rather low, 10-25 nm, relative 




 have performed in-situ liquid-cell imaging of galvanic 
replacement reactions between silver nanoparticles and PdCl2 (Figure 2.13 c). 
They captured the transformation of solid silver nanoparticles into hollow 
silver-palladium nanostructures and compared the results of in-situ and ex-situ 
preparation on the reaction rates. For in-situ reactions, it takes 8 seconds to 
observe significant changes while the same reaction ex-situ requires ~2 hours. 
They attribute this to the presence of hydrated electrons, which are generated 
when the electron beam interacts with the specimen, and significantly 
accelerate the reaction. However, a quantification on the reaction rate is still 
lacking.  
 
2.5.2.2. Core-Shell Nanostructures 
Core-shell nanoparticles are highly functionalized nanoparticles with 
distinctive properties that originate from their different constituent materials. 
The properties of core-shell nanoparticles can be tuned by either changing the 
constituting materials or the core to shell ratio.
118
 This tunability makes it 
possible to manipulate the surface properties so as to meet the requirements 
for diverse applications.  
The fabrication of core-shell nanoparticles with different morphologies 
and compositions can be accomplished by various chemical/physical 
methods.
119-121
 The synthesis parameters are derived empirically and the final 
nanoparticle morphology is confirmed with ex-situ imaging. However, early 
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stages of the reaction and intermediate structures cannot be investigated this 
way.  
It is also well-known that the electron beam itself can act as a reducing 
agent and reduce metal ions into atoms through the action of solvated 
electrons (from radiolysis of water). This effect has been exploited for 
dynamical studies of silver
104, 122
 nanoparticle nucleation directly from 
solution. Recently, Jungjohann et al.
95
 and Wu et al.
50
 demonstrated the use of 
in-situ liquid cell microscopy to study the solution growth of Au@Pd (Figure 
2.14 a and b) and Pt@Au (Figure 2.14 c, d and e) core-shell nanoparticles 
respectively. In both studies, the electron beam replaces the reducing agent, 
leading to metal deposition. 
 
Figure 2.14 (a) Schematic showing the growth of Pd on Au core nanoparticles in two stages. 
(b) The particle volume evolution as a function of time for particles at different distances from 
the excitation spot as indicated in (a).
123
 (c) Time-lapsed TEM images, (d) schematic and (e) 
quantitative analysis of the growth of Au on Pt icosahedron core nanoparticles.
50
 Figure (a) 
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and (b) reprinted from ref. 123 with permission from American Chemical Society, Copyright 





 further demonstrated the use of in-situ TEM to quantify 
the palladium deposition rate on Au nanoparticles as a function of distance and 
beam currents. They reported a first-order reaction rate with respect to the 
concentration of hydrated electrons. The quantitative data acquisition is 
excellent but this study only focuses on electron beam effects and reduction 
mechanisms.  
Fine-tuning of the structure, i.e., the dominant crystalline facets and 
surface composition is important for applications such as plasmonics and can 
be accomplished with the addition of different chemicals.
119
 As such, the 
interplay of different chemical additives, such as surfactants and reducing 
agents, etc., remains largely unresolved. 
 
2.6. Conclusions and Outlook 
The ability to precisely control the structural and opto-electronic 
properties between two closely-spaced nanoparticles and the understanding of 
the stability of the nanostructures are the keys to study quantum-plasmonic 
effects at sub-nanometer length scales. The level of control requires a deeper 
understanding of gap engineering in nanoparticle dimers and controlling their 
composition. Although many experimental and theoretical studies have been 
proposed to observe indirectly the quantum tunnelling effects, direct 
experimental access to the resulting tunneling charge transfer plasmon mode is 
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still lacking. In order to achieve this, self-assembly of nanoparticles with sub-
nanometer separations by well-controlled characterization techniques is 
required to study plasmon-induced electron tunneling conclusively. In addition, 
experiments involving in-situ liquid cell microscopy would also provide a way 
to study the reaction chemistry and kinetics during the nanoparticle synthesis 
so as to engineer the composition of the nanostructures which is expected to 
open up more opportunities for application in plasmonics.  
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Chapter 3  
Self-assembly of Silver 
Nanoparticles with Sub-Nanometer 
Separations  
Abstract: A bottom-up method was developed to fabricate structures of 
the form Ag-SAM-Ag (where SAM = self-assembled monolayer). Silver 
nanocubes with edge lengths of 30-40 nm were synthesized via established 
methods, with mixed SAMs of thiolates and dithiolates on their surfaces. The 
SAMs were used to control the self-assembly process and the width of the sub-
nanometer gap sizes. The fabricated structures were characterized by various 
techniques: TEM, SEM, XPS, UPS, and UV/Vis. It was demonstrated that the 
SAMs control the structure's optical properties and provide molecular-
electronic control over the barrier heights of the studied system. The synthesis 
routines discussed here will be used in the Chapter 4 to demonstrate quantum 
plasmonics. 
 
3.1.  Introduction 
Nanostructures with tunable gap sizes are good candidates to study 
plasmon-induced tunneling effects
1-3
 or surface-enhanced Raman spectroscopy 
(SERS) enhancement.
4-5
 These structures are challenging to fabricate by top-
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down nanofabrication techniques such as electron-beam lithography (EBL), 
because of resolution limitations. Additionally, top-down approaches only 




On the other hand, sub-nanometer gaps are relatively easily achievable 
by wet-chemical solution processing methods. Wet chemical or bottom-up 
approaches have been widely used for the fabrication of silver nanoparticles 
with different sizes and shapes and with high monodispersity. Despite their 
single-crystallinity, the atomically smooth surfaces also enable the formation 
of interparticle gaps with distinct and flat interfaces. Moreover, wet chemical 
method facilitates the production of single-crystalline defect-free silver 
nanostructures with sub-nanometer gap sizes at massive scales.  
In this Chapter, we report a new method to prepare crystalline 
structures of Ag plasmonic resonators with edge lengths of 30-40 nm and with 
high aspect ratio nano-gaps by functionalizing the silver nanocube surfaces 
with mixed self-assembled monolayers (SAMs) of thiolates and dithiolates. 
The SAMs were used to control the sub-nanometer gap sizes and optical 
properties between two silver nanoparticles. We characterized the 
functionalized nanoparticles with transmission electron microscopy (TEM), 
UV-visible spectroscopy (UV-Vis), X-ray photoelectron spectroscopy (XPS), 







3.2.  Results & Discussion 
3.2.1. Synthesis and Functionalization of Silver Nanocubes 
We used single crystalline silver nanocubes to form dimers for three 
reasons. (i) These particles can be functionalized with ligands with a length of 
approx. 0.5 nm to 2 nm which can direct the self-assembly of dimers and the 
gap size. (ii) These particles have atomically flat surfaces, resulting in defect 
free nanogaps. (iii) These particles have high aspect ratios of the nanogap that 
can be controlled by controlling particle size and the length of the molecule.  
We followed the polyol method developed by the Xia’s group to 
chemically synthesize the single-crystalline silver nanocubes.
10
 The 
experimental details of the synthetic procedures and characterization 
techniques are reported in the experimental section at the end of this Chapter. 
Here, we only give a brief description. 
In this reaction, ethylene glycol acts as both solvent and reducing agent 
while sodium sulfide acts as the catalyst. The silver nitrate is used as the silver 
precursor. The polymer, poly (vinyl) pyrrolidone (PVP) was used as a 
surfactants which selectively capped the {100} facets of the nanocrystals. The 
careful control among the ratios of these four reactants and temperature 
enables the formation of silver nanocubes with PVP stabilized {100} facets. 
The silver nanocubes were functionalized with mixed self-assembled 
monolayers (SAMs) of thiolates and ditholates to form dimers and avoid 
aggregation (Figure 3.1 a). The molecules not only could act as the linkers to 
determine the gap sizes between two nanocubes (Figure 3.1 b and c), but also 
could alter the opto-electronic properties of such a Ag-SAMs-Ag plasmonic 





Figure 3.1 (a) Schematic of the surface modification process. (b) The distance between two 
adjacent nanoparticles is determined by the thickness of the self-assembled monolayers 
(SAMs). (c) Two types of junctions are possible in our system. (d) A schematic energy-level 
diagram of the junctions. 
 
Figure 3.1 schematically shows the modification process. First, the 
silver nanoparticles with cuboidal shapes were dispersed in freshly-distilled 
ethanol after washing thoroughly with water and acetone in order to get rid of 
the polymer residue present during nanoparticles synthesis. Subsequently, we 
added the mixed SAM solution to change the dielectric environment of the 
nanocubes. In a second step, these functionalized nanoparticles were mixed 







3.2.2. Transmission Electron Microscope (TEM) Gap Size 
Characterization  
We characterized the functionalized nanoparticles with transmission 
electron microscopy (TEM), UV-visible spectroscopy (UV-Vis), X-ray 
photoelectron spectroscopy (XPS), UV-Violet photoelectron spectroscopy 
(UPS) and 3D Scanning TEM (3D STEM) Tomography.  
Figure 3.2 (a) shows a TEM overview image of the chemically-
synthesized silver nanocubes that are capped with thick layer of PVP. The 
edge length of the nanocubes is about 30-40 nm. Figure 3.2 (b) shows a TEM 
image and its electron diffraction pattern of a single-crystalline silver cube 
drop-casted on 30-nm thick SiNx membrane. The electron diffraction (inset) 
suggests that the silver nanocubes were single crystalline and bounded by 
{100} facets. Figure 3.2 (c) is a representative TEM overview image of the Ag 
nanocubes after functionalization with mixed SAMs of PT and BDT. We 
typically obtained 20-30% dimeric structures; the remainders were single 
particles, or trimeric structures or larger aggregates. Figure 3.2 (d) shows a 
typical image of a dimer consisting of two silver nanocubes aligned parallel to 
each other and the inset shows a high resolution scanning TEM image (STEM) 




Figure 3.2 (a) TEM overview image of chemically-synthesized silver nanocubes. (b)  TEM 
image and electron diffraction pattern of a single silver nanocube (inset). (c) Representative 
TEM overview image of the Ag nanocubes after functionalization with mixed SAMs of PT 
and BDT. (d) Dimer consisting of two silver nanocubes aligned parallel to each other and a 
high resolution scanning TEM image (STEM) of the gap region (inset). 
 
To constitute the very small gaps, we performed a functionalization 
process to the Ag nanocubes with mixed self-assembled monolayers (SAMs) 
of alkanethiols and alkane/benzenedithiols with different chain lengths so that 
the silver-thiolate bonds would reduce the size of the nanogaps to sub-nm 
length scale. We define the nanogap as the distance between two silver 
nanocubes surfaces where they are parallel aligned. The length of EDT, HDT, 
ODT, BDT, BPDT, OPV and NDT are 0.44 nm, 0.93 nm, 1.17 nm, 0.63 nm, 
1.03 nm, 1.24 nm and 0.88 nm, respectively (determined using Chem 3D ultra 
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10.0; see Figure 3.3 for the molecular structures).
11
 These values are generated 
from the built-in parameters on bond lengths, bond angles and dihedral angles 
without further optimization procedures. Figure 3.3 shows that the gap sizes 
indeed were controlled by the molecular structure. The histograms we 
obtained for the nanogap sizes (dg) show reasonable agreement where the 
maximum of the Gaussian peak lies at 0.6 ± 0.1 nm for EDT, 0.7 ± 0.1 nm for 
HDT and BDT, 1.0 ± 0.2 nm for ODT, 1.2 ± 0.2 nm for BPDT and OPV, 1.0 ± 
0.3 nm for NDT and very close to the  estimated molecular lengths (dl).  
For the structures self-assembled with these mixed SAMs, we observed 
a significant number of dimers where each particle was covered with a SAM, 
resulting in a value of d that is roughly double of that expected for a junction 
with only a single SAM. The second peak in these histograms is attributed to 
dimers with SAMs on both nanoparticles (Ag-SAM//SAM-Ag structures). 
Double peaks are not observed for SAMs of 1,4-biphenyldithiol (BPDT), 4,4-
dimercaptostilbene (OPV) and 1,5-napthalenedithiol (NDT).  These three 
SAMs contain biphenyl moiety which had been proven in literature
12
 to result 
in a molecular dipole moment that affects the adsorption kinetics on metal 
surfaces. Unlike the SAMs of alkanethiolates in which the packing is driven 
by the interchain Van der Waals attraction, biphenyl derivative molecules 
possess a strong dipole moment, resulting in intermolecular repulsion and 
instability. Thus, double layers of SAMs are not observed in Figure 3.3 (e-g). 
Figure 3.4 also shows that our experimentally measured gap sizes (aliphatic 
molecules: black solid squares; aromatic molecules: red solid squares) are in 
good correlation with the molecular length predicted by a Corey-Pauling-





Figure 3.3 (a) Histograms of the gap sizes between two silver nanocubes with Gaussian fits to 
these histograms functionalized with mixed SAMs of 1-propanethiol and 1,2-ethanedithiol 
(EDT) (b) with mixed SAMs of 1-heptanethiol and 1,6-hexanedithiol (HDT) (c) with mixed 
SAMs of 1-nonanethiol and 1,8-octanedithiol (ODT) (d) with mixed SAMs of 1-propanethiol 
and 1,4-benzenedithiol (BDT) (e) with SAMs of 1,4-biphenyldithiol (BPDT) (f) with SAMs 




Table 3.1 Summary of Figure 3.3: Number of junctions, interparticle spacing of silver 
nanocubes assembled with linkers of different molecular length dl estimated by a CPK model 
and the gap sizes dg determined experimentally from TEM images. 
 
 
Figure 3.4 Experimentally measured gap sizes versus molecular lengths as predicted by the 
CPK model. 
 
3.2.3. 3D Scanning TEM Tomography  
To further characterize the high aspect ratio nano-gaps, 3D scanning 
TEM (STEM) tomography was conducted to obtain a 3-dimensional view of 
these nanogaps. We functionalized the silver nanocubes with ODT (procedure 
as shown in the experimental section) and dropcasted ~3μl of the final solution 
onto a Si3N4 substrate (30 nm thick, from Agar Scientific). The substrate with 
Linker Number of 
Junctions 
Molecular Length 
(nm),  dl 
Gap Size (nm),  
dg 
1,2-ethanedithiol (EDT) 84 0.44 0.55 ± 0.08 
1,6-hexanedithiol (HDT) 73 0.93 0.65 ± 0.11 
1,8-octanedithiol (ODT) 85 1.17 1.00 ± 0.23 
1,4-benzendithiol (BDT) 79 0.63 0.67 ± 0.12 
1,5-dimercaptonapthalene (NDT) 73 0.88 1.02 ± 0.35 
1,4-biphenyldithiol (BPDT) 73 1.03 1.18 ± 0.23 
4,4-dimercaptostilbene (OPV) 76 1.24 1.24 ± 0.21 
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nanocube dimers was tilted from -50̊ to 50̊ with respect to the horizontal axis 
of the nanocubes dimer and a STEM image was taken at intervals of 1-3°.  
The series of images were aligned and a 3D volume was reconstructed from a 
total of 55 STEM images, as shown in Figure 3.5. Due to the lack of 
projections from the high tilt angle ranges (beyond ± 70°), we suffered from 
the missing wedge effect
13
 which give rises to the volume artifacts that are 
indicated by the white arrow in Figure 3.5 (c). Nonetheless, the reconstructed 
3D volume showed clearly that the gap between the cubes is free of metal 
filaments. 
 
Figure 3.5 HAADF-STEM tomography images of a dimer of Ag nanocube where the sample 
was tilted from -50° to 50°. (a) A reconstructed x-y slice extracted from the 3D volume in (c). 
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(b) The combination of both. (d) Reconstructed STEM images at different dimer tilts, looking 
parallel to the gap.  
 
3.2.4. UV-Visible (UV-Vis) Spectroscopy  
The energy and intensity of the absorption peaks in UV-Vis spectra of 
plasmonic particles are dependent on the size, shape, and on the dielectric 
constants of both the metal and surrounding medium.
14
 A well-dispersed 
sample of our silver nanocubes shows a distinct absorption peak at 429 nm (λ1) 
which is same as reported in literature.
10
 This peak is equivalent to ~3 eV 
which is assigned to the plasmon mode of transverse charge oscillation 
between the cuboid corners. Figure 3.6 (a) and (c) show the absorption spectra 
changes of silver nanocubes before and after addition of mixed SAMs in 
ethanol for EDT and BDT, respectively. For systems, upon the addition of 
mixed SAMs, the peak at 429 nm (I) shifted to the ~440 nm (II) and further 
shifted to ~450 nm (VIII) within 60 minutes. This is due to the change in 
dielectric constant of the particle environment compared to the PVP coating.
15
 
The absorbance value dropped significantly after washing with ethanol (IX) 
and the newly formed broad band around 550 nm is prominent after washing 
with EtOH. After addition of non-functionalized nanocubes, the absorbance 
value of this newly formed band ~ 550 nm (λ2) gradually increases with time. 
Nanocube assemblies of different lengths exhibit different spectral maxima, 
but we could only observe a collective response in a broader absorption, 
without any dominant peak for the EDT system (Figure 3.6 b).
16
   
For BDT system, a relatively strong extinction was observed for the 
band (λ2) at ~550 nm (Figure 3.6 d). This peak is equivalent to ~2 eV, which is 
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the longitudinal plasmon mode. We attributed this observation to the stronger 
π-π interaction between the rigid benzene rings than intercalating alkyl chains 
and π→π* transitions which results in more linear assemblies than is the case 
with aliphatic SAMs. Linear dimers and oligomers showed much more 
pronounced differences in mode energies compared to non-linear arrays.
17
 
Figure 3.6 (e) and (f) show the absorption spectra of silver nanocubes before 
and after addition of different SAMs for 60 minutes and the addition of non-
functionalized particles after 60 minutes respectively. From these observations 
we derive three conclusions.  (i) Overall, the redshift of the peak at 429 nm (λ1) 
after the addition of SAMs is due to the change in dielectric constant of the 
environment compared to the PVP coating. (ii) The new peak or band (λ2) 
appearing at ~550 nm corresponds to the formation of assemblies after the 
addition of non-functionalized particles. (iii) The band was not obvious for 
long alkyl chain assemblies such as HDT and ODT which could be due to the 





Figure 3.6 (a) UV-Vis spectra of silver nanocubes functionalized with mixed SAMs of 1-
propanethiol and 1,2-ethanedithiol or (c)1,4-benzenedithiol: (I) Ag cubes before addition of 
mixed SAMs, (II) 0 minute upon addition of mixed SAMs, (III) 10 minutes after addition of 
mixed SAMs, (IV-VIII) each spectrum was recorded in the interval of 10 minutes, (IX) Ag 
nanocubes after addition of mixed SAMs after 60 minutes and washed with EtOH. (inset) 
Close up of Figure (a) at 330-500 nm. (b) and (d) UV-Vis spectra of functionalized silver 
nanocubes with addition of non-functionalized silver nanocubes for both EDT and BDT 
system respectively: (I) Ag nanocubes after addition of mixed SAMs after 60 minutes and 
washed with EtOH. (II) 0 minute upon addition of non-functionalized silver nanocubes, (III) 
10 minutes after addition of non-functionalized silver nanocubes, (IV-VIII) each spectrum 
was recorded in the interval of 10 minutes. (e) UV-Vis spectra of different SAMs coated silver 
nanocubes after 60 minutes. (f) UV-Vis spectra of different SAMs coated silver nanocubes 
after addition of non-functionalized particles after 60 minutes. 
 
Table 3.2 Summary of Figure 3.6: The wavelength shift between two plasmon resonance 
modes after the addition of SAMs and subsequent addition of non-functionalized particles for 





(nm),  dl 
After addition of SAMs 









Before NA 429 NA NA NA 
1,2-ethanedithiol (EDT) 0.44 447 18 432 -15 
1,6-hexanedithiol (HDT) 0.93 452 23 464 12 
1,8-octanedithiol (ODT) 1.17 447 18 440 -7 
1,4-benzenedithiol 
(BDT) 
0.63 451 22 434 -17 
1,4-biphenyldithiol 
(BPDT) 
0.88 442 13 437 -5 
4,4-dimercaptostilbene 
(OPV) 




1.24 454 25 452 -2 
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3.2.5. X-Ray and UV Photoelectron Spectroscopy (XPS and UPS) 
The XPS S2p spectra in Figure 3.7 (a) show that there was no sulfur 
signal for silver nanocubes before functionalization. After addition of mixed 
SAMs, silver nanocubes were bonded with mixed SAMs through silver-
thiolate bonds. The two doublet peaks at 162 eV (S1) and 163 eV (S2) were 
assigned to sulfur bound to the silver nanocubes
18-20
 and free thiol groups 
respectively.
21-22
 The relative intensities of S1 and S2 were summarized in 
Table 3.3.  
On the other hand, we attributed the peak at 168 eV for BDT 
functionalized silver nanocubes to the presence of oxidized thiols/dithiols 
molecules. The N1s spectra in Figure 3.7 (b) also show that the nitrogen signal 
at 399 eV for silver nanocubes after functionalization was significantly lower 
than before functionalization. The nitrogen signal originated from the 
polyvinylpyrrolidone (PVP), the polymer used during synthesis of silver 
nanocubes. From the relative intensities as shown in Table 3.3, the N1s signal 
was significantly lowered by 50.6-99.3% after functionalization. This 
indicates that the PVP is being replaced by the SAMs. These findings further 





Figure 3.7 (a) and (b) XPS spectra (S2p and N1s region) of silver nanocubes before (bottom) 
and after addition of mixed SAMs of thiolates and dithiolates (EDT, HDT, ODT and BDT) or 




Table 3.3 Summary of Figure 3.7: Relative intensities of peak S1 and S2 for S2p signal 
and N1s from XPS spectra for each type of junction with different linkers. 
 
 
Figure 3.8 (a) shows the UPS spectra for Ag nanocubes functionalized 
with different SAMs. From the UPS data, we obtained the energy difference 
between the HOMO onset of the molecule to the Fermi onset of the metal; the 
data are listed in Table 3.4. The values of the HOMO-LUMO energy gaps 
were obtained from those reported in the literature.
23-27
 By having these two 
values, we could construct our proposed energy level diagram as shown in 
Figure 3.8 (b-h). The barrier height for junctions bridged by conjugated 
molecules such as BDT and OPV is lower than those of long and non-
conjugated molecules such as EDT. Therefore, by changing the molecule 
inside the junction, we could not only alter the gap dimension, but also the 
electronic properties of the junctions. With this, we show the molecular 
control over the barrier height of the studied system. 
 
            Linker S2p N1s 
S1 (%) S2 (%) Relative peak area intensity (%) 
before NA NA 100 
1,2-ethanedithiol (EDT) 87.1 12.9 49.4 
1,6-hexanedithiol (HDT) 59.7 40.3 2.3 
1,8-octanedithiol (ODT) 51.0 49.0 7.2 
1,4-benzendithiol (BDT) 67.2 32.8 20.3 
1,5-dimercaptonapthalene (NDT) 73.8 26.2 5.4 
1,4-biphenyldithiol (BPDT) 11.4 88.6 0.7 




Figure 3.8 (a) UPS spectra for Ag nanocubes functionalized with mixed SAMs of thiolates 
and dithiolates (EDT and BDT) or SAMs of dithiolates only (BPDT, OPV, and NDT). (b)-(h) 
are the illustration of energy diagram for all systems. 
 
Table 3.4 Summary of Figure 3.8: HOMO onset values, HOMO-LUMO energy gap values 










Gap, EHL (eV) 
Barrier Height,  
Ф  (eV) 
1,2-ethanedithiol (EDT) 1.1 7.0 ± 1.0 4.9 ± 1.0 
1,6-hexanedithiol (HDT) 1.6 7.0 ± 1.0 4.4 ± 1.0 
1,8-octanedithiol (ODT) 1.7 7.0 ± 1.0 4.3 ± 1.0 
1,4-benzendithiol (BDT) 0.9 4.0 ± 1.0 3.1 ± 1.0 
1,5-dimercaptonapthalene (NDT) 0.5 4.5 ± 0.5 4.0 ± 0.5 
1,4-biphenyldithiol (BPDT) 1.2 5.5 ± 0.5 4.3 ± 0.5 




We have demonstrated the use of self-assembled monolayers (SAMs) 
of molecules to selectively control the gap sizes between two nanostructures 
down to sub-nanometer scales through self-assembly, assisted by the covalent 
bonding of anchored sulfur groups. Our experimental approach will be 
beneficial for connecting nanomaterials into desired arrays and thereby tuning 
the plasmonic and optoelectronic properties of the nanomaterials which will be 
important for the future design of plasmonic structures and the development in 
SERS experiments.  
 
3.4.  Experimental Section 
3.4.1. General Procedures. The chemicals: poly (vinyl) pyrrolidone, 
silver nitrate, 1,2-ethanedithiol (EDT), 1,6-hexanedithiol (HDT), 1,8-
octanedithiol (ODT), 1,4-benzenedithiol (BDT), biphenyl-4,4’-dithiol (BPDT), 
and 4,4-dimercaptostilbene (OPV) were all purchased from Sigma-Aldrich. 
1,5-dimercaptonapthalene (NDT) was purchased from Tokyo Chemical 
Company. Sodium sulfide and ethylene glycol were purchased from J.T. 
Baker. The glass vials used for synthesis were from Fisher Scientific. 
Chemicals were used without further purification. Solvents for nanoparticles 
functionalization were freshly distilled prior to use. All stirrer bars were 
soaked in aqua-regia (mixture of 3:1 volume ratio of nitric acid: hydrochloric 
acid) for at least 1 hour, washed with deionized water (18.2 MΩ.cm) and dried 
in oven before use. The centrifuges, used for washing nanoparticles, were 
Rotina (380R) and Profuge (14D). The Transmission Electron Microscopy 
(TEM) images are recorded on an FEI Titan TEM and a JEOL 2010FEG TEM. 
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3.4.2. Synthesis of Silver Nanocuboids. The polyol method developed 
by the Xia’s group10 was used to chemically synthesize the single-crystalline 
silver nanocubes. 5 ml of ethylene glycol (EG) were injected into each of the 
four glass vials labeled A, B, C, and D. Then, the stirrer bars were inserted 
into each vials and pre-heated at 150°C in an oil bath for at least one hour. 
Then, 70, 80, 90 and 100 μl of sodium sulfide solution (30 mM, Na2S in EG) 
were added into the glass vials A, B, C, D respectively. After 8-9 mins, 1.5 ml 
of polyvinylpyrridone solution (0.02 g/ml PVP in EG) and 0.5 ml of silver 
nitrate solution (0.048 g/ml AgNO3 in EG) were added sequentially. The 
reaction was quenched by removing the glass vials from the oil bath and to 
place it in an ice water bath once the color of the reaction mixture turned 
ochre-green. This reaction is highly sensitive to water and the concentration of 
sodium sulfide and that usually only one out of the four glass vials showed the 
expected color changes. This reaction was completed within 20 minutes. Once 
the reaction mixture is cooled to room temperature, the Ag nanocubes solution 
was washed by centrifugation at 2200 rpm (Rotina, 380R) for 30 minutes with 
25 ml of acetone (AR grade). The supernatant was discarded and the 
nanoparticles washed two times by redispersing them in 2 ml of deionized (DI) 
water followed by centrifugation (Profuge, 14D) at 10000 rpm for 10 minutes. 
Finally, the Ag nanocubes solution was transfered into clean glass vials and 
dispersed them in 4 ml of DI water. The Ag nanocubes solution was wrapped 
with aluminium foils, sealed with parafilm and kept in dark. Under these 
conditions, the solutions were stable for two weeks. 
3.4.3. Functionalization of Silver Nanocubes with Mixed SAMs. 0.1 
ml of Ag nanocubes solution was transfered from the glass vial above into a 
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1.5 ml-centrifuge tube. Centrifugation and redispersion in water was done 
twice (Profuge, 14D) at 10000 rpm for 10 minutes in order to minimise the 
concentration of PVP and EG prior to functionalization with mixed self-
assembled monolayers (SAMs). Note that too many times of washing 
(centrifuge and redisperse) will cause the deformation of Ag cubes. 
Specifically, 5.0 µl of 1-propanethiol ethanolic solution (1x10
-3
 M) and 3.0 µl 
of 1,2-ethanedithiol ethanolic solution (1x10
-3
 M) were added into 2.36 ml of 
distilled ethanol. Subsequently, 36 µl of 6-8 nM Ag nanocubes solution was 
added into the mixture and stirred for 60 mins. The reaction mixture was 
centrifuged with distilled ethanol twice (Profuge, 14D) at 10000 rpm for 10 
minutes and re-dispersed in the same solvent. Subsequently, an additional 36 
µl of as-prepared non-functionalized Ag nanocubes solution was added 
quickly into the mixture and incubated for another 60 mins. The same 
procedure was followed for different chain length of thiols and dithiols: 1-
heptanethiol and 1,6-hexanedithiol (HDT), 1-nonanethiol and 1,8-
octanedithiol (ODT), 1-propanethiol and 1,4-benzenedithiol (BDT). For longer 
molecules such as biphenyl-4,4’-dithiol (BPDT), 4,4-dimercaptostilbene (OPV) 
and 1,5-dimercaptonapthalene (NDT), due to their poor solubility in ethanol 
and binding kinetics, merely dithiol molecules were used instead of mixed 
SAM of thiols and dithiols. Other than that, the same procedure was repeated 
for longer molecules except BPDT and OPV solutions, which were prepared 
in tetrahydrofuran (THF) solvent before adding them into the reaction mixture. 
3.4.4. Experimental Techniques. The functionalization process is 
monitored by UV/VIS/NIR spectroscopy (PerkinElmer Lambda 750). Light 
transmission was measured through a cuvette of 1 cm light-path. The resulting 
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suspensions ~100 µl of each were spin-coated onto 30 nm-thick gold 
substrates for XPS characterization. The surface analysis system used for XPS 
characterization was VG ESCALAB Mark 2. It is equipped with an Omicron 
(EA125 U7) hemispherical electron spectrometer with 7 channel detection, 
emission angle of 15 deg, maximum entrance and exit slits. A pass energy of 
20 eV was used with a FWHM of 1.0 eV. The X-ray gun used was Omicron 
Twin Anode X-ray Mg/Al source. Monochromatic Mg K (alpha) radiation at 
power of 300W (15kV x 30mA) was used for excitation. The peaks fitting 
were done by using the software of XPSPEAK version of 4.1. 
Characterization of the nanogap sizes and 3D scanning TEM tomography were 
done with a high-resolution FEI Titan TEM, operated at 200 kV where 
typically 3 µl of the final suspension was dropcasted onto the silicon nitride 
membrane (30 nm-thick, S1N1 Agar Scientific). Gap size measurement was 
performed on every single TEM image of individual dimer pairs and clusters 
of particles using the profile function in Gatan software Digital Micrograph 
version 1.4. The gap size was defined as the interface between two metal 
surfaces aligned parallel to each other. The histogram in Figure 3.3 was 
constructed over 80-100 gap sizes each. The Gaussian peaks fitting were done 
by using Origin software version 7. The 3D volumes shown in Figure 3.5 were 
constructed by using the software Inspect3D. 
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Chapter 4  
Quantum Plasmon Resonances 
controlled by Molecular Tunnel 
Junction 
Abstract: Quantum tunneling between two plasmonic resonators links 
nonlinear quantum optics with terahertz nanoelectronics. Direct observation 
of and control over quantum plasmon resonances at length scales in the range 
0.4 to 1.3 nanometers across molecular tunnel junctions made of two 
plasmonic resonators bridged by self-assembled monolayers (SAMs) were 
demonstrated. The tunnel barrier width and height are controlled by the 
properties of the molecules. Using electron energy-loss spectroscopy, a 
plasmon mode, the tunneling charge transfer plasmon, whose frequency 
(ranging from 140 to 245 terahertz) is dependent on the molecules bridging 
the gap was observed.  
 
4.1. Introduction 
Quantum mechanical effects in plasmonic structures are believed to 
become important when two plasmonic resonators are placed so closely that 
electrons can tunnel across the gap.
1-11 
Direct experimental access to the 
resulting tunneling charge transfer plasmon (tCTP) mode is expected to open 
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up new opportunities in, for instance, nano-scale opto-electronics, single 
molecule sensing, and non-linear optics.
1
  
Generally, two types of CTP (Figure 4.1) have been investigated so far: 
(1) CTP via conduction and (2) CTP via tunnelling (tCTP). The former has 
been well-studied by Duan et al.
11
 The low- energy CTP via conduction peak 
between two gold polycrystalline nanoprisms showed a red-shift in energy loss 
as a function of the bridge width. However, when the bridge was replaced by a 
gap of 0.5 nm, the low-energy peak disappeared. 
 
 
Figure 4.1 Schematic illustration of quantum tunnelling assisted electrical circuits facilitated 
by (a) conductive bridges and (b) sub-nanometer gap. 
 
Experimental and theoretical studies so far have concluded that 
quantum mechanical effects i.e.: the observation of the tCTP mode are 
important only at length scales below 0.3 to 0.5 nm, close to the bond length 
of gold and silver.
6, 9-11
 Such structures are technologically inaccessible and 
therefore it is important to demonstrate the tCTP mode across gaps larger than 





Unlike past works that investigated tunneling through vacuum,
6, 10
 we placed 
molecules in the gap because tunneling rates across molecules depend on the 
molecular structure and are much higher than across vacuum.  
Routine experimental tunnel junctions on molecular monolayer (Figure 
4.2) has been proven that the low tunnelling decay coefficient of the molecules 
will give rise to the high tunnelling rates across the junctions. This approach 
made it possible to directly observe and control tCTPs experimentally in 
tunneling gaps up to at least 1.3 nm, depending on the type of molecules 
bridging the gap, and moves quantum plasmonics into the size domain that is 





Figure 4.2 (a) Routine experimental tunnel junctions on molecular monolayers. (b) Schematic 
illustration of the molecular tunnel junctions made of two silver nanoparticles bridged by 
SAMs and a schematic energy-level diagram of the junctions. 
 
Quantum effects have been observed only indirectly as shifts in the 
bonding dipolar resonance plasmon mode.
1, 6, 10
 Our aim was to perform an 




while the tCTP mode is simultaneously measured spectroscopically. In this 
Chapter, we study the molecular electronic control over the tCTP mode. 
 
4.2. Results & Discussion 
4.2.1. Synthesis and Functionalization of Silver Nanocubes 
Refer to the Chapter 3 Section 3.2.2. The experimental details of the 
synthetic procedures and characterization techniques are reported in the 
experimental section at end of this chapter. Here, we only give a brief 
description. 
We introduced two experimental innovations: (1) the cross-sectional 
area of the tunnel junction was increased from a few nm
2





and (2) the tunneling rate across the nano-gaps was increased by tunneling 
through molecules rather than vacuum. 
Cuboidal silver nanoparticles were used
12
 separated by SAMs with 
thicknesses of 0.5 – 0.6 nm forming metal-SAM-metal junction via self-
assembly (Figure 4.3 a). The facets of the nanoparticles are atomically flat, 





maximizing the number of tunneling events across the junctions. The silver 
nanoparticles were functionalized with either saturated, aliphatic 1,2-
ethanedithiolates (EDT), or aromatic 1,4-benzenedithiolates (BDT).
13
 The 
lengths of EDT and BDT are similar, but they have very different HOMO-
LUMO gaps of 8 and 5 eV, respectively.
14-16
 Therefore, the tunneling rates 
across junctions with BDT molecules are higher than those junctions with 
EDT.
 
The interaction between the two nanoparticles was optimized to avoid 





 After self-assembly of the dimeric structures, they were deposited on a 
30 nm thick, electron-transparent silicon nitride membrane. 
A simplified form of the Simmons equation (Eq. 1) is commonly used 
to approximate molecular tunnel junctions
17-18
 
   𝐽 = 𝐽0𝑒
−𝛽𝑑 with 𝛽 = 2√
2𝑚𝜑 
ħ2
 , (1) 
where β (Å-1) is the tunneling decay coefficient, d (nm) is the width of the 
tunneling barrier, and the pre-exponential factor J0 (A/cm
2
) is the hypothetical 
current when d = 0; m is the mass of the charge carrier (kg), and ħ is the 
reduced Plank’s constant. The value of β depends on the barrier height φ (eV). 
Tunneling rates through molecular bonds, so-called through-bond tunneling, 
are much higher (β  0.8 – 0.9 Å-1 for saturated molecules and 0.1 – 0.3 Å-1 
for unsaturated molecules) than through vacuum (β = 2.9 Å-1).19 Figure 4.2 (b) 
shows the energy level diagram of the metal-SAM-metal junctions 
schematically. As indicated in Figure 4.2 (b), in molecular electronics d is 
defined by the length of the molecule, dl (nm), and φ by the offset between the 
Fermi-levels of the metal and the energy level of the molecular frontier 
orbitals. In contrast, when the through-space tunneling is the dominant 
mechanism of charge transport, the barrier height equals the work function of 
the electrode materials and d equals the gap, dg (nm), between the two 






Figure 4.3 Quantum plasmonic tunnel junctions. (a) Schematic illustration of the molecular 
tunnel junctions made of two silver nanoparticles bridged by a SAM on an electron-
transparent silicon nitride membrane. The contactless electron nano-probe was placed near the 
functionalized silver nanoparticles to excite and measure the surface plasmons of individual 
dimers. (b) The distance between two adjacent nanoparticles is determined by the thickness of 
the SAMs of EDT or BDT. 
 
4.2.2. Electron Energy-Loss Spectroscopy (EELS) 
Instead of bringing the dimer particles in contact with electrical probes 
that will perturb the plasmon resonances, we used in our experiment a focused 
beam of energetic electrons in a scanning transmission electron microscope 
(STEM) as a contactless nanoprobe to excite and analyze the surface plasmon 
resonances in individual dimers. We positioned the electron probe opposite the 
gap at the long axis of a silver particle dimer, as illustrated in Figure 4.3 (a), to 
excite longitudinal plasmon modes—similar to lateral plane wave illumination 
of the dimer.
13
 During the plasmon excitation, the tunnel junction was 






The excitation of plasmon resonances results in an energy transfer from the 
electron beam to the particle system, which we analyzed with monochromated 
electron energy-loss spectroscopy (EELS).
21-23
 The junctions were imaged 
before and after acquiring the EELS spectra to ensure that none of these 
junctions formed conductive metal filaments during the experiment.
13
 Thus, in 
all of our experiments we could discriminate between the tunneling and 
conduction through metal filaments – CTP modes conclusively. 
 
4.2.3. Molecular Control over the Gap Sizes 
Figure 4.4 (a) shows the representative TEM overview image after the 
functionalization process. From these images, it can be seen that dimers, as 
well as single particles and larger clusters are present on our samples. Figure 
4.4 (c) shows atomic-resolution TEM images of a silver nanoparticle dimer. 
The first peak in the histograms of values of dg estimated from TEM images 
on a series of dimers are centred at 0.55 ± 0.08 nm for EDT (Figure d) and 
0.67 ± 0.12 nm for BDT (Figure e) which are close to dl as expected for Ag-
SAM-Ag structures. The second peak in these histograms is attributed to 
dimers with SAMs on both nanoparticles (Ag-SAM//SAM-Ag structures). 
Intercalating SAMs or not completely removed polymer that was used in the 
nanoparticle synthesis may result in smaller and larger gap sizes than expected 





Figure 4.4 (a) Representative TEM overview image of the Ag nanocubes after 
functionalization with mixed SAMs of PT and BDT. (b) High resolution TEM image of a 
dimer with 0.8 nm separation. (c) Atomic resolution TEM image of the high aspect ratio gap 
(0.8 × 30 × 30 nm
3
). Histogram of gap sizes for (d) EDT and (e) BDT molecular junctions. 
 
4.2.4. Molecular Control over the Barrier Heights 
From the UPS data, we obtained the energy difference between 
HOMO onset of the molecule to the Fermi onset of the metal. The HOMO 
onset values were determined by linear extrapolation of the lower binding 
energy side of the HOMO peak intercepted with the linear extrapolation of the 
base line as denoted by the black lines and solid vertical bars in Fig. 4.5 (a).
24
 
The value of HOMO-LUMO energy gap were obtained from those reported in 
single-molecule spectroscopy.
25-29
 By having these two values, we could 
construct our proposed energy level diagram as shown in Figure 4.5 (b). 
Barrier height for junctions bridged by conjugated molecules such as BDT is 




lower than the non-conjugated molecules such as EDT by 2.7 eV. By changing 
the molecule inside the junction, we could not only alter the gap dimension, 
but also the electronic properties of the junctions. With this, we show the 
molecular control over the barrier height of the studied system. 
 
 
Figure 4.5 (a) UPS spectra for Ag nanocubes functionalized with mixed SAMs of thiolates 
and dithiolates (EDT and BDT) (b) Proposed energy level diagram for the EDT and BDT 
system.  
 
4.2.5.  Experimental Evidence of Tunneling CTP Peak 
Figure 4.6 (a) and (b) show EELS spectra recorded from junctions with 
SAMs of EDT and BDT. Three main plasmon peaks were observed around 2.2 
eV, 3.2 eV and 3.6 eV, which we assigned to the bonding dipolar plasmon 
mode (II), the transverse corner mode (III), and the transverse edge mode (IV), 
respectively, in agreement with the finite-element-model (FEM) simulations 
(Figure 4.6 c).
13, 20
 A new low-energy plasmon mode is observed at 0.60 ± 




We assigned this plasmon mode to the tCTP based on our calculations 
that show the transfer of net charge between the cuboids (Figure 4.6 c, mode I). 
The plasmon resonances of the Ag-SAM-Ag system were simulated using a 
quantum-corrected FEM optical simulation model.
13, 20
 Briefly, the optical 
properties of the junctions are calculated through a quantum mechanical 
approach and then used to simulate the plasmon resonances of the Ag-SAM-
Ag system. The model predicts that the tCTP mode strongly depends on φ, d, 
and gap field, Egap (V/m). The value of φ is modeled analytically as φ = α EHL, 
where 0 < α < 1 relates to the energy-level alignment, and EHL is the HOMO-
LUMO gap, which was obtained from single molecule experiments.
14-16
 We 
assume Egap = 7×10
8




Figure 4.6 Direct observation of quantum tunneling between plasmon resonators. Two 
examples of measured EELS spectra with the occurrence of quantum tunneling directly 
observed via the tCTP peak and quantum-corrected simulations of the extinction spectra, 
confirming the identification of the peaks. Experimentally measured EELS spectra (solid line) 
and theoretical calculated spectra (dotted line) for dimers functionalized with (a) EDT and (b) 
a) b) c) 
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BDT respectively. (c) Simulated maps of the electrical-field distributions for the plasmon 
modes I-IV, corresponding with the spectral peaks.  
 
4.2.6. Through Bond versus Through Space Tunneling 
  There are two possible tunneling processes in our molecular tunnel 
junction: (1) through-space tunneling and (2) through-bond tunneling. For 
junctions with either tilted SAMs or well-aligned SAMs (Figure 4.7) both 
types of mechanisms may apply. In through-space tunneling, the tunneling 
path is defined by the gap size dg between the two electrodes; and for through-
bond tunneling, the electrons will tunnel through the molecule with the 
tunneling path defined by the molecular length dl. In case that through-bond 
tunneling dominates over through-space tunneling, we expect the tCTP to be 
only dependent on dl and not on dg. 
  In calculating through-space tunneling process, the gap size dg was 
used, which is defined by the distance between the two electrodes. For 
different dimers with the same monolayer SAM, although the SAMs are the 
same length, the measured dg could be different due to the orientation of 
SAMs (Figure 4.7 and 4.4 d and 4.8 a). In the calculations, the measured gap 
sizes are used. On the other hand, for the through-bond tunneling process, the 
molecular length defines the tunnel length, so we used dl for all the monolayer 
samples in the quantum-tunneling calculations. It should be noted that our 
model is a simplified physical model, which does not consider any 
microscopic details of the SAM. These effects can for example be taken into 
consideration by changing the barrier height φ = α EHL. To take into the 
account the molecular orientations, the barrier height φ (or the energy 
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alignment parameter α) is varied: φ = 3.3 – 3.5 eV for EDT and φ = 1.0 – 1.5 
eV for BDT. The exact values of barrier height inside the molecular junction 
will likely be smaller than the one measured by UPS
30
 due to the charge 
renormalization of the energy levels.
31-33
 This is induced by charges on the 
molecule and the corresponding image charges in the metal surfaces during 
charge transport.  Thus, the values we used for calculation are smaller than the 
one measured in UPS but the exact factor is still unknown. 
In addition to the two possible tunneling mechanisms, if by any chance 
our SAM layer is damaged or ionized during our experiment, we may have the 
third possibility: ionic conduction and/or hopping (which are slow relative to 
optical time scales). If this is the case, the conductivity of SAM will be (nearly) 
independent of spacing (either dg or dl). The nature of the charge transport—
through-space or through-bond tunneling—was determined from EELS 
measurements on 32 junctions, for which the energy of the tCTP mode was 
plotted as a function of dg (Figure 4.7 c). This graph shows that the tCTP 
depends only weakly on the value of dg. The dotted lines in Figure 4.5 (c) 
show simulations of the tCTP energy shifts if through-space tunneling would 
dominate, with d = dg.
13
 The solid lines are simulations for through-bond 
tunneling with d = dl, where the through-bond tunneling distance depends on 
the length of the molecule and can be different from dg when the molecules are 
not perfectly aligned in the gap. Figure 4.7 (c) shows that through-bond 
tunneling has a much weaker dependence on gap size than through-space 
tunneling. The good agreement with the experimental results indicates that 







Figure 4.7 Schematic of molecular orientation in the dimer gap, and its effect on the tunneling 
process.(a) Tilted SAMs and (b) Well-aligned SAMs. (c) Experimentally measured plasmon 
energy as a function of gap size for dimers functionalized with monomers of BDT (●) and 
EDT (▲). Theoretical calculations for through-space and through-bond tunneling are shown 
as dotted lines and solid lines respectively for the two SAMs. 
  
4.2.7. Tunneling is Possible for Gap Size > 1 nm 
Through-bond tunneling could allow us to explore tCTP across a large 
gap as the tunneling is less dependent on the gap size. EELS spectra were 
recorded on Ag-SAM//SAM-Ag junctions to study whether the tCTP mode 
could be observed over larger length scales up to 1.3 nm. Figure 4.8 shows 
that a tCTP mode for the structures with BDT appears at 0.975-1.015 eV. The 
tCTP peak energy only weakly depends on dg, which confirms that though-
bond tunneling is the dominant mechanism of charge transport. The marginal 
difference in energy of the tCTP mode for single and double SAMs is likely 
due to strong π–π coupling between the BDT SAMs.34 For Ag-SAM//SAM-
a) b) c) 
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Ag structures with EDT, the tCTP mode was not observed because of the low 
β value and that no π–π coupling occurs between aliphatic molecules, we 
expected its peak—if any—to be at very low energies beyond the detection 
limit of our instrument.  
 
 
Figure 4.8 Quantum plasmon resonances as a function of tunneling distance. (a) 
Experimentally measured plasmon energy as a function of gap size for BDT- (●) 
functionalized dimers. The gap size varies between individual dimers because of structural 
disorder in the SAMs. (b) Measured EELS spectra for double SAMs of EDT (red) and BDT 







By combining atomic-resolution imaging, single-particle spectroscopy, 
and monolayer molecular control, we have demonstrated quantum-mechanical 
electron tunneling at optical frequencies between plasmon resonators. By 
varying the self-assembled molecular monolayers in the junctions, the 
plasmon-induced tunneling frequencies could be controlled from 1.01 ± 0.01 
eV, or 244 ± 3 THz, for a monolayer of BDT molecules, to 0.60 ± 0.04 eV, or 
145 ± 10 THz, for a monolayer of EDT molecules. The mechanism of charge 
transport was coherent through-bond tunneling which is only weakly 
dependent on the gap size. The relatively large distance of up to 1.3 nm over 
which the tunneling takes place in Ag-BDT//BDT-Ag junctions, may provide 
potential for molecular control over quantum plasmonic systems through 
longer molecules to perhaps 4-5 nm,
35
 i.e., gap sizes that are currently 
accessible by top-down fabrication techniques. Our results show that tunneling 
can reconcile molecular electronics with plasmonics, opening up a whole new, 
interdisciplinary field of exploration.  
 
4.4. Experimental Section 
4.4.1. General Procedures. For the silver nanocuboids, the chemicals 
polyvinylpyrridone, silver nitrate, 1,2-ethanedithiol, 1,4-benzenedithiol were 
all purchased from Sigma-Aldrich and used without further purification. 
Sodium sulfide and ethylene glycol were purchased from J.T. Baker. For the 
gold nanocuboids, the chemicals 1-butanethiol, 1,3-propanedithiol, gold (ш) 
chloride trihydrate, sodium borohydride, cetyltrimethylammonium bromide, 
copper sulfate, L-ascorbic acid were all purchased from Sigma-Aldrich and 
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used without further purification. The glass vials used for synthesis were 
obtained from Fisher Scientific. Solvents for nanoparticles functionalization 
were freshly distilled prior to use. All stirrer bars were soaked in aqua-regia 
(mixture of 1:3 volume ratio of nitric acid: hydrochloric acid) for at least 1 
hour, washed with deionized water (18.2 Ωcm) and dried in an oven before 
use. Nanoparticles were washed in Rotina (model 380R) and Profuge (model 
14D) centrifuges.  
4.4.2. Synthesis of Silver Nanocubes.  
Refer to Chapter 3 Section 3.4. 
4.4.3. Functionalization of Silver Nanocubes with Mixed SAMs.  
Refer to Chapter 3 Section 3.4. 
4.4.4. EELS Measurements. Plasmon characterization on individual 
pairs of Ag nanocuboids is carried out in scanning TEM (STEM) mode using 
an FEI Titan TEM with Schottky electron source, operated at 80 kV. The 
diameter of the used electron probe is about 1 nm, and a 13 mrad convergence 
semiangle was used. For EELS spectroscopy, electrons within a solid 
semiangle of 13 mrad were collected, using a Gatan Tridiem ER EELS 
detector. It is worth noting here that during the EELS measurements, the 
STEM probe was positioned outside the tunnel junction. The SAMs were 
therefore not exposed to the electron beam when the spectra were acquired. 
This proved critical, as we also tried EELS mapping, but here the whole dimer 
had to be irradiated during the acquisition, including the tunnel junction. The 
long (minutes) total exposure of the SAMs during these mapping attempts 
proved too destructive and the tCTP mode disappeared. For tCTP 
measurements, it is therefore important to minimize the electron beam 
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exposure of the SAMs, as we did during our EELS measurements without 
irradiating the dimer gaps. 
A Wien-type monochromator dispersed the electron beam in energy, 
and a narrow energy-selecting slit formed a monochrome electron beam with 
typical full-width at half-maximum values of 70-80 meV. EELS spectra were 
acquired with a modified binned gain averaging routine.
22
 Each individual 
spectrum was acquired fast, with illumination periods around 40 ms, using 16 
times on-chip binning for detector CCD readout. Spectra shown are typically 
summations of 2000 individual, aligned spectra. The spectra were all 
normalized at their maximum, the top of the zero-loss peak. All spectra were 
acquired 1-2 nm off the edge on the long dimer axis. The background signal 
was corrected by fitting and subtracting a high-quality background spectrum 
that was measured at a clean area of the same sample without particles nearby.  
4.4.5. Simulation Methods. The simulation work is developed in 
collaboration with Dr. Wu Lin and Dr. Bai Ping from Institute of High 
Performance Computing (IHPC). A quantum-corrected finite-element-method 
(FEM) optical simulation model
9, 20
 is employed to study the plasmon 
resonances of the Ag-SAM-Ag system. The quantum-tunneling process in the 
molecular tunnel junction is modeled by first determining the tunneling barrier 
profile of the Ag-SAM-Ag
20
 via: (1) the intrinsic barrier height φ at the 
interface of Ag and SAM, (2) the image charge potential, which is gap size dg 
dependent and is essential for the sub-nanometer gaps, (3) the electric field 
Egap in the gap (4), the tunneling electron self-induced space charge field, and 
(5) the quantum exchange-correlation field. Then the Schrödinger equation 
and the Poisson equation are solved iteratively using a WKB-type 
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approximation technique for the tunneling barrier profile and the tunneling 
electron density (n) which can be used to obtain the optical conductivity of the 
tunneling junction σ(ω).20 
The difference here for our Ag-SAM-Ag system is the intrinsic barrier 
height φ, which is no longer the work function of the Ag electrode. Instead, 
the barrier height φ is the energy level alignment of the molecular frontier 
orbitals of the SAMs and the Fermi-levels of the Ag electrode, which is rather 
difficult to predict theoretically. We used a simple formula to model the 
intrinsic barrier height φ = α EHL (where 0 < α < 1), which is determined by 
two factors. The first is the type of SAM in the tunneling junction, which is 
modeled by EHL (i.e., the energy difference between HOMO and LUMO). The 
values of EHL used in our calculation are obtained by single molecule 
experiments
14-16, 19
 and ab initio calculations.
36
 The second factor is the energy 
level alignment of the molecular frontier orbitals with respect to the Fermi-
levels of the Ag electrode, which is modeled by α with 0 < α < 1. Simply 
changing the parameter α allows us to study the effect of the energy alignment 
on the plasmonic response. The value of α used in the calculations is 
determined by experimental results, for example, α = 0.425 for EDT and α = 
0.25 for BDT.  
The gap field Egap at the Ag/SAM interface generated during the EELS 
excitation is difficult to be obtained experimentally. To find the Egap, we first 
conducted theoretical calculations using our previously published method
20
 
and found that the Egap is ~7×10
8
 V/m for the Ag/EDT/Ag system to excite a 
tCTP mode at 0.6eV. To further confirm the calculation result, we estimated 
the average field in the SAM layer with a capacitance model based on our 
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where A is the area of overlap of the two plates, εr is the relative static 





), and dg is the separation between the plates. Taking the 
energy stored in the capacitor is the plasmon energy Eplasmon, then 𝐸𝑝𝑙𝑎𝑠𝑚𝑜𝑛 =
1
2
𝐶𝑉2, where V gives the voltage between the plates. Therefore the average 






. For the case of EDT [εr = (1.558)
2
], 
a gap size of 0.5 nm and cross sectional area of 37×37 nm
2
, the CTP plasmon 
energy is about 0.6 eV. This gives an average field of 1.142×10
8
 V/m. The 
field distribution within the SAM layer shows a non-uniform profile which has 
the strongest field at the edge of Ag/SAM. It is this edge field at the interface 
of Ag/SAM that plays the major role in the tunneling process. Taking into 
account the fact that edge field is much larger than the average field, the 
theoretically estimated gap field Egap = 7×10
8
 V/m. This value of Egap was then 
used throughout the calculations to predict the trends in the frequency of tCTP 
peak as a function of dg, dl, and the tunnel barrier height, (as shown in Figure 
4.7 and 4.8) which are in excellent agreement with the experimental results. 
After obtaining the optical properties of the molecular tunnel junction, 
the plasmon resonances of the Ag-SAM-Ag system can be simulated from 
classical electromagnetic calculations, more specifically, a finite-element-
method (FEM) optical simulation model is used. Here the two identical Ag 
cuboids are assumed to have a square cross section with side length w = 37 nm, 
and the length of each Ag cuboid is L = 35 nm based on the TEM images. The 
Ag’s dielectric function is taken from Palik’s handbook.37 Between the two Ag 
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cuboids, a tunneling path (filled with the tunneling electrons) is assumed to 
have a square cross section with area A = 37 × 37 nm
2
, and the length of the 
tunneling path is determined either by the gap size dg or the molecular length 




 as described above. In addition, to account for the fact that species 
may be added during our experiment, each Ag cuboid is assumed to be coated 
with a 0.5-nm-thick self-assembled monolayer (SAM), with a refractive index 
of 1.558 (EDT) or 1.665 (BDT).
38
 For simplicity, the 30 nm Si3N4 substrate is 
neglected in our optical simulations. As the effect of the thin substrate is small 
for low-energy plasmon modes, this simplification has little effects on the 
simulations of the low-energy tCTP mode.
39
 
Scattered-field formulation in COMSOL finite element method is used to 
solve the three-dimensional Maxwell’s equations. The spectra of absorption, 
scattering and their sum (i.e., extinction) cross sections of the Ag-SAM-Ag 
system can be calculated. Simulations are performed using plane-wave 
excitation for two polarization conditions: the incident light is polarized along 
the longitudinal axis (i.e., long axis) or along the transverse axis (i.e., short 
axis). Longitudinal and transverse mode components (dash lines in Figure 4.9) 
are obtained separately. The final simulated extinction spectrum (the black 
solid line in Figure 4.9) to be compared with EELS measurement is an 
algebraic summation of the longitudinal and transverse mode components. 
This is based on arbitrary mixing because the exact ratio of Ex and Ey 
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Figure 4.9 Simulated EELS spectra for an Ag-EDT-Ag dimer system under longitudinal 
polarization (in the dimer's length direction; red dashed line), or transverse polarization 
(perpendicular to the dimer's length axis; blue dash-dotted line), and their summation (black 
line).  
 
 As shown in Figure 4.7, our quantum corrected classical model indeed 
fits our experimental data well. This good agreement makes it possible to 
estimate the molecular conductance of individual EDT and BDT at their tCTP 
resonance crudely. In our simulations, we used an electric field of 7×10
8
 V/m 
resulting in a conductance of 3238G0 for EDT and 7321G0 for BDT, where the 
molecular length is 0.5 nm for EDT and 0.6 nm for BDT, the cross sectional 




G0 is the quantum 
conductance. We estimate that 16000 molecules are present in the junction 





these molecules on Ag surfaces.
40-41
 Therefore, the conductance per EDT or 
BDT molecule is roughly 0.20 G0 and 0.46 G0 at the tCTP resonance 
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respectively. These single molecule conductance values are in good agreement 
with those literature reported for break junction measurements.
42-43
 
 We have also performed electron-beam excitation simulations, which 
produce similar results as our plane-wave excitation simulations as shown in 
Figure 4.10. The electron-beam excitation is modelled as a small electron 
beam (~1 nm
2
) which carries current in the incident direction and creates an 
electromagnetic field background, and then the optical extinction spectra of 
the particle system are collected.  
  
Figure 4.10 Simulated EELS spectra for an Ag-EDT-Ag dimer system using an optical 
approach for electron-beam excitation (top panel) and plane-wave excitation (bottom panel, as 
shown in Figure 4.6).  
 
The reason why we choose the present plane-wave excitation is mainly 
due to its simpler physics and less free-tuning parameters in simulation which 
makes the simulation results more reliable. Compared to the well-established 
plane-wave excitation modelling, using an optical approach to model electron-
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beam excitation is still a relatively new research area
44-45
 and more efforts will 
be made toward this direction.   
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Chapter 5  
Stability of Silver and Gold 
Nanoparticles under Electron Beam 
Irradiation  
Abstract: The STEM-EELS experiments that have been introduced in 
Chapter 4 were performed on closely-spaced gold nanocuboids as well. 
However, the high aspect ratio gaps degraded in many cases as a result of 
filament formation during electron beam irradiation. In this Chapter, a 
detailed study on the degradation mechanisms and preventive approaches is 
given, focusing in particular on the nanoparticle coatings that could act as a 
protective barrier for minimizing the electron beam induced damage on 
passivated gold and silver nanoparticles. 
 
5.1. Introduction 
Nanoparticles with tunable surface properties are used in many 
applications, ranging from nanostructured catalysis, (quantum) plasmonics, to 
surface-enhanced Raman spectroscopy. The characterization of nanoparticles 
often involves the utilization of transmission electron microscope (TEM) or 
scanning electron microscope (SEM) based techniques, but these techniques 
rely on high-energy electron beams which cause (un)wanted changes to the 
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specimen such as degradation, radiolysis of surface molecules, contamination 
build-up, electron beam-induced atomic displacements, or heating.  
Nanoparticles have limited stability under these conditions and the 
mechanisms of electron beam-induced damages are poorly understood. 
Passivated nanoparticles are potential building blocks of novel devices 
and materials,
1-4
 so a better understanding of nanoparticle stability under 
analysis conditions would be useful to avoid drawing faulty conclusions from 
experimental observations. Here, an investigation is presented on whether 
different types of coatings on Au and Ag nanocuboids could prevent, or 
significantly reduce electron beam radiation damage. These noble metal 
nanoparticles are meta-stable and their morphology is usually stabilized by an 
organic monolayer such as cetyl trimethyl ammonium bromide, self-
assembled monolayers of thiolates or a polymer such as poly (vinyl 
pyrrolidone), ethylene glycol, etc.  
Electron beam-induced damages and the preventive approaches 
reported in literature to minimize the effects were discussed in Chapter 2. 
Among the effects mentioned above, the knock-on damage and the ionization 
damage are critical for organic monolayer-coated inorganic nanoparticles. 
Knock-on effects usually occur in conducting inorganic specimens
5
 where the 
accelerating voltage of the incident electron beam is higher than the 
displacement energy of the material or when the electron dose exceeds 1000 C 
cm
-2
. On the other hand, ionization damage is predominant for insulators, such 





5.2. Results & Discussion 
5.2.1. Synthesis and Functionalization of Silver and Gold 
Nanocuboids 
We refer to Chapter 3, Section 3.2.2 for the synthesis and 
functionalization of silver nanocuboids. The experimental details of the 
synthetic procedures and characterization techniques are reported in the 
experimental section at end of Chapter 3.  
Besides silver, we shall also look at gold nanocuboids in this Chapter. 
For these, we followed the seed-mediated method developed by Sun et al.
6
 
The experimental details of the synthetic procedures and characterization 
techniques are reported in the experimental section at end of this Chapter. 
Here, only a brief description is given. 
The synthesis of gold nanocuboids was performed by a two-step 
method. First, a gold seed solution was prepared by rapid reduction of the gold 
precursor i.e.: chloroauric acid with a strong reducing agent sodium 
borohydride in the presence of surfactant cetyltrimethylammonium bromide. 
The seed solution contained quasi-spherical gold nanoparticles of size less 
than 5 nm. In the second step, the seed was added into the growth solution 
which consisted of gold precursor, a mild reducing agent, i.e. ascorbic acid 
and a chemical additive: copper sulfate. Carefully controlling the 
concentration of each component enables the formation of gold nanocuboids 
stabilized with {100} facets. 
The silver and gold nanocuboids were functionalized with mixed self-
assembled monolayers (SAMs) of thiolates and ditholates and the polymer 
PVP, following the method described previously in Chapter 3.  
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5.2.2. Tunneling CTP between Gold Nanocuboids 
We performed monochromated STEM-EELS experiments (introduced 
in Chapter 4) on gold cuboids, with PDT as the SAM in the gap. Gold is much 
more susceptible to electron beam-induced changes to the morphology, so 
imaging had to be performed in low-dose STEM mode. We could not obtain 
TEM images without inducing morphological changes to the gold in the gap 
due to the high dose exposure during TEM imaging. 
Figure 5.1 shows a series of EELS measurements that were taken 
during the formation of filaments in the dimer gap. Before starting the 
monochromated EELS measurements, a low-dose STEM image was taken (at 
200 kV, with a 0.2 nm probe) of the gold dimer; no filaments were observed in 
the 0.5-0.7 nm gap. Monochromated EELS was subsequently performed, 
starting with the black EELS spectrum in panel (b), and finishing 180 s later 
with the yellow spectrum.  
Without further illuminating the dimer, another STEM image was 
taken at 200 kV (Figure 5.1 a, top panel), showing gold filaments that were 
formed in the gap. A close look at the low-energy peaks in panel (b) shows 
that there is a transition from the tCTP mode (▲) to a conventional (non-
tunneling) CTP (●) mode during the cause of the EELS measurements when 
the filaments formed.  
For both cases CTP and tCTP, charge is transferred from one particle 
to an adjacent particle. We use the term (1) CTP for gaps filled with 
gold/silver filaments and (2) tCTP for gaps filled with molecules. We have 
chosen to make this distinction in order to emphasize the different nature of 
the charge transfer mechanisms. In the case of a gold/silver bridge or filament 
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between the two particles, a current of electrons flows across the bridge, at a 
resonant frequency that is only weakly dependent on the length of the bridge. 
In the case of a molecule-filled gap, charge is transferred via tunneling, which 
is more strongly dependent on the length of the bridge. Moreover, with 
tunneling as conduction mechanism, there are other potential ways to control 
the tunneling rate. Using the difference in molecular quantum conductance, for 
example, as we have demonstrated (Chapter 4) by showing the strong 
difference in resonance frequency between EDT- and BDT-filled gaps, even 
when the gap lengths are the same. Another example is the use of the 
molecular alignment as a tuning factor which is not possible for a gold/silver 
bridges, as these materials are isotropic conductors. It is also expected (but we 
have not yet experimentally demonstrated this) that the tCTP is more 
temperature-sensitive than the normal CTP mode, due to the temperature-
sensitivity of the tunneling mechanism. 
 
Figure 5.1 (a) STEM images of the dimer recorded before and after EELS measurements. (b) 
Transition from the tunneling charge transfer (tCTP) mode at 1.05 eV (with a clean gap, 
labeled with ▲) to the conventional, non-tunneling CTP mode at 1.18 eV (when filaments are 
formed in the gap, labeled with ●), acquired over a 180 s time interval. (c) EELS spectra for 
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the same data in the energy range of 1.5 to 3.0 eV. The ratio of the higher-energy peaks 
(labeled with ■ and ) changed from 1: 0.9 to 1: 1.6. The widening of the filament reduces 
the charge reflection at the gap and therefore lowers the bonding dipolar mode. 
 
5.2.3. Filament Formation between Closely-Spaced Gold 
Nanocuboids 
To investigate the filament formation in more detail, a time-lapse 
series of TEM images (Figure 5.2) was recorded where filament formation is 
observed between two gold nanocubes upon electron beam irradiation. The 
imaging is done on the mixed SAMs -coated Au nanocubes with 200 kV 
electrons, using electron doses ranging from 2000 to 2500 e/(Å
2
·s) for 32 
minutes.  
Filament formation between two gold nanocubes was observed, in the 
following order. (1) Tiny filaments (~2-3 nm) form between the corners of 
each nanocube. (2) The filaments grow and fill up the whole gap gradually. (3) 
Two nanocubes are completely connected when the filaments have filled the 
whole gap. 
 
Figure 5.2 (a) Schematic the filament formation between gold nanocubes coated with SAMs 
of thiolates under electron beam irradiation. (electron dose: 2000-2500 e/Å
2
s) (b) A time-
resolved series of TEM images where filaments form and grow between two closely-spaced 
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monocrystalline gold nanocuboids coated with SAMs on a copper grid. Eventually, the gap is 
filled completely and the two particles are merged.  
 
In an attempt to avoid the filament formation, we functionalized the 
gold cuboids with the polymer poly (vinyl) pyrrolidone (PVP). PVP is a 
commonly used capping agents in nanoparticle synthesis because it selectively 
interacts with {100} facets and prevents the nanoparticles suspension to 
aggregate via steric repulsion resulting in kinetically (i.e., not 
thermodynamically) stable monocrystalline Ag nanocubes.
7-8
 It is worth 
noting that kinetic stability occurs in colloidal suspension, however, the 
situation for dried particles will likely to be different. Previous studies
8
 
suggested that as the layer of PVP was dried, it is likely that the polymer 
collapsed due to the removal of hydrogen bonding with water, causing the 
carbonyl groups to lay parallel to the metal surface. Here, we irradiated PVP 
and SAMs-coated Au nanocuboids with 200 kV electrons, with doses ranging 
from 100 to 1300 e/(Å
2
·s) for 24 and 42 minutes, respectively, as shown in 
Figure 5.3. We observed the filament formation between two thiolates-SAMs -
coated gold cube dimer but not for the one with PVP coatings. Many studies
9-
12
 report that sintering of two nanoparticles separated by 1-2 nm occurs when 
the atoms in the material diffuse across the surfaces of the particles, fusing the 
particles together to constitute one solid piece. Two sintering mechanisms are 
reported
13
: (1) Ostwald Ripening (2) Surface diffusion. Since the particles are 
not in solution, we suggest the latter case is dominant for the filament 




Figure 5.3 (a) and (b) show the sequence of high resolution transmission electron microscopy 
(TEM) images of filament formation of single-crystalline gold cube dimer coated with SAMs 
(electron dose: 2000-2500 e/Å
2
s) and PVP (electron dose for the first 20 minutes: 100-120 
e/Å
2
s, after 20 minutes: 1100-1300 e/Å
2
s) on copper grid under electron beam irradiation.  
 
However, this problem still persists even though we performed the 
same experiment at liquid nitrogen temperature by using a special cooling 
holder. It has been proposed that lowering the temperature would help in 
reducing the sensitivity of an organic species to structural damage and mass 
loss, even though it does not change the inelastic cross-section.
14
 In this case, 
lowering the temperature does not help to slow down the subsequent diffusion 
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processes but coating with long chain polymer does. Surprisingly, the polymer 
PVP acts as a diffusion barrier that could significantly minimize the possibility 
of the surface diffusion driven filament formation. It is well-known that the 
ring-containing chemical species (PVP) would be more resistant than the 
aliphatic molecules (alkanethiolate SAMs) towards electron beam induced 
damage since the irreversible bond scissions will require higher energy.
15
 This 
shows that the ligands stability is crucial in protecting the metal nanoparticles 
against the electron beam.  
 
  5.2.4. The Role of Ligands  
We now replace Au nanocuboids with Ag nanocubes. It is well-known 
that Ag is harder than Au (Vickers hardness Ag = 251 MN/m
2
, Au = 216 
MN/m
2
). However, the displacement (Ed) and sputtering (Es) threshold 
energies of silver (Ed and Es are 28 eV and 7-14 eV respectively) are lower 
than those of gold (Ed and Es are 36 eV and 9-18 eV respectively).
16
  
Figure 5.4 (a) schematically illustrates the deformation of a silver 
nanocube coated with a mixed SAM of 1-propanethiolate and 1,2-
ethanedithiolate (volume ratio of 5:3) with a thickness of 0.5 nm while 
irradiated on a SiNx membrane with an electron beam of 200 kV with electron 
doses ranging from 100 to 3000 e/(Å
2
·s). Figure 5.4 (b) shows the sequence of 
TEM acquired images, along with the corresponding fast Fourier Transforms, 
of a single silver nanocube recorded at intervals of 2 minutes over a period of 
27 minutes (after which the experiment was stopped). 
During the first 6 minutes, the particle morphology did not change 
noticeably, but at t = 6 minutes protrusions formed at the faces of the 
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nanocube (indicated by red triangles). These protrusions have lower contrast 
than the rest of the particle and therefore they are probably thinner than the 
cubic nanoparticle. The monocrystalline FCC crystal structure of the original 
particle remains visible up to t = 22 minutes, but the final state is a quasi-
spherical, polycrystalline FCC Ag nanoparticle.  
The degradation started from the top or bottom facet of the cube where 
we observed a contrast change (green triangles), subsequently the newly-
formed protrusions (red triangle) emerged at the corners and edges. At the 
same time, the size of the silver nanocube shrank and its corners became more 
and more truncated.  
After 10 minutes, we observed a new lattice reflection spot emerged 
which arising from the (111) reflection originated from FCC silver protrusions. 
From this experiment we conclude that mixed SAMs do not stabilize the Ag 





Figure 5.4 (a) Schematic the deformation of silver nanocube coated with SAMs of thiolates 
under electron beam irradiation. (b) Sequence of high resolution transmission electron 
microscopy (TEM) and the corresponding Fast Fourier Transforms of a single-crystalline 
silver cube coated with SAMs on SiNx membrane, during electron beam irradiation (electron 
dose: 1500-2000 e/Å
2
s), where a cube-shaped particle evolves to an irregular quasi-spherical 
particle. 
 
A similar experiment was performed by drop-casting the as-
synthesized, PVP-coated Ag nanocubes onto the 30 nm thick silicon nitride 
membrane. To investigate whether PVP also stabilizes the NPs during a 
typical TEM experiment, we irradiated PVP-coated Ag nanocubes with 200 
kV electrons, with doses ranging from 1100 to 2000 e/(Å
2
·s) for 20 minutes.  
Figure 5.5 shows a sequence of TEM images of a single silver 
nanocube coated with PVP. At t = 0, the particle had a PVP layer of 2.8 nm 
thickness, appearing in the images as a slight change in contrast around the 
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nanocube. During the entire course of the experiment, the Ag particle 
remained stable and no obvious changes in shape or phase were observed, but 
the organic layer surrounding the particle increased in thickness from 2.8 to 
6.1 nm. 
We attribute this increase in the thickness to the e-beam-induced build-
up of organic contamination. Contamination in electron microscopy often 
refers to the electron beam induced deposition (EBID) where there is an 
interaction between the electron beam and organic matter,
17-18
 i.e., PVP in our 
case. The PVP tends to crosslink and form structures on the sample that are 
clearly visible in TEM images
19
 as seen in Figure 5.5. Muller et al.
20
 also 
reported that the non-conducting electron beam-induced carbon contamination 
layers can possibly act as both diffusion and sputtering barrier, thereby 
preventing structural damage. From this experiment, we conclude that a thin 
PVP coating, unlike SAMs, stabilizes the Ag nanocubes during e-beam 
irradiation. This is probably due to the stability of the molecules against 
electron beam irradiation and, hence, we conclude that monolayers of thiolates 
can easily suffer from ionization damage but polymers like PVP which are 
thicker than the monolayer thiolates tend to be stable against ionization 




Figure 5.5 Sequence of TEM images of a monocrystalline silver cube coated with polymer 
(polyvinylpyrrolidone) on a SiNx membrane, during electron beam irradiation. (electron dose: 
1100-2000 e/Å
2
s) The cubical-shaped was maintained throughout the whole illumination 
period. 
From experiments above, we infer that PVP-coated Ag nanocubes are 
stable against electron beam irradiation but mixed SAMs coated ones are not. 
To further understand the degradation mechanism, we performed the same 
experiment on dimers with the two types of coatings. Figure 5.6 shows the 
effect of electron beam irradiation on a dimer of silver nanocubes coated with 
SAMs of thiolates (Figure 5.6 a) and with PVP (Figure 5.6 b). 
We make the following three observations for the dimer coated with 
SAMs. (1) During electron beam irradiation, the degradation starts from the 
centre of the cube (green triangles) where we observe a contrast change. (2) 
Subsequently, newly-formed protrusions emerge at the corners and edges. (3) 
At the same time, the silver nanocubes become more and more truncated and 
finally turn into rounded nanocubes. The observed phenomena for the Ag 
nanocubes dimers are similar to those of single silver nanocubes 
functionalized with thiolated-SAMs. In other words, when we observe 
degradation of single particles, they will also occur on dimers, and when 




Figure 5.6 (a) and (b) A comparison between SAMs-coated and polymer-coated silver 
nanocubes dimers. Two sequences of TEM images are shown with monocrystalline silver 
cube dimers, coated with either SAMs (thiolates) or with a polymer capping agent (PVP) on a 






 reported that the sintering behavior of nanoparticles is 
dependent on the stability of the molecules against electron beam damage. 
Thus, the extent of electron beam-induced damage depends on the ability of 
the molecules to stabilize the surface atoms even while they are being 
bombarded by fast electrons. Here, we observed the degradation, i.e., 
formation of silver protrusions between two nanoparticles for the case of 
thiolates-coated nanocube dimers while the particles coated with PVP still 
maintained their good square shape. The interaction between PVP and Ag 
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nanoparticles is thought to occur between the Ag atoms and the carbonyl 
group located on the pyrrolidone ring
21
 (Figure 5.7 c-d) while the monolayer 
of thiolates molecules bind to the Ag nanoparticles via an Ag-S covalent 
bond
22
 (Figure 5.7 a-b). It is well-known that energy transferred during 
inelastic scattering would cause heating within the specimen and the 
temperature rise in an organic specimen can reach a few hundred degrees for a 
stationary probe.
23
 We speculate that the heating caused by the electron beam 
degrade both the ligands (SAMs and the PVP molecules) in different ways. 
Our observations show that thiolated SAMs lead to a more rapid growth of the 
protrusions (Figure 5.6 a), especially along the interface with the SiNx. In 
effect, the particle is ‘bleeding away’ surface atoms that spread-out over the 
SiNx membrane. 
 On the other hand, thermal degradation of PVP is accompanied by the 
release of pyrrolidone rings as reported before.
21, 24-25
 This surprising results in 
pyrrolidone rings that bind in a bridging, side-on fashion, more strongly 
absorbed on the nanoparticle surface than units that are only singly 
coordinated. A schematic of this bidentate ligand is shown in Figure 5.7 (e-f). 
Although the bond strength of metal-sulfur (Ag-S) covalent bond is stronger 
than the singly coordination bond,
8, 22
 the bidentate coordination bond 
formation as a result of interface heating caused by electron beam irradition 
may be the reason for PVP-coated particles to be well-protected against 
electron beam irradiation. Even though the exact mechanism is not elucidated 
here, the results were reproducible and practically useful enough to include 




Figure 5.7 Illustration of (a) thiolated SAMs and (b) bonding to the metal nanoparticles. 
Schematic of the PVP coating at the nanoparticle surface and the bonding to Ag nanocubes (c-
d) before (monodentate ligand) and (e-f) (bidentate ligand) after thermal degradation (model 





In short, surface diffusion driven filament formation is an important 
factor to consider for the TEM study of passivated gold nanoparticles. For 
passivated silver nanoparticle on the other hand, electron beam-induced 
heating at metal-ligand interface appears to be the main degradation 
mechanism. We have demonstrated the important role of ligands in 
maintaining the shape of gold and silver nanocubes under TEM electron beam 
irradiation.  
Self-assembled monolayers of thiolates molecules have very low 
stability in protecting nanoparticles against electron beam damage while 
coating the particles with polymers such as PVP may evolve as a new method 
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for stabilization in order to improve the lifetime of plasmonic devices and 
materials under characterization conditions. 
 
5.4. Experimental Section 
5.4.1. General Procedures. For the silver nanocuboids, the chemicals 
poly (vinyl) pyrridone, silver nitrate, 1,2-ethanedithiol, 1,4-benzenedithiol 
were all purchased from Sigma-Aldrich and used without further purification. 
Sodium sulfide and ethylene glycol were purchased from J.T. Baker. For the 
gold nanocuboids, the chemicals 1-butanethiol, 1,3-propanedithiol, gold (ш) 
chloride trihydrate, sodium borohydride, cetyltrimethylammonium bromide, 
copper sulfate, L-ascorbic acid were all purchased from Sigma-Aldrich and 
used without further purification. The glass vials used for synthesis were 
obtained from Fisher Scientific. Solvents for nanoparticles functionalization 
were freshly distilled prior to use. All stirrer bars were soaked in aqua-regia 
(mixture of 1:3 volume ratio of nitric acid: hydrochloric acid) for at least 1 
hour, washed with deionized water (18.2 Ωcm) and dried in an oven before 
use. Nanoparticles were washed in Rotina (model 380R) and Profuge (model 
14D) centrifuges.  
5.4.2. Synthesis of Silver Nanocubes. Refer to Chapter 3 Section 3.4. 
5.4.3. Functionalization of Silver Nanocubes with Mixed SAMs. 
Refer to Chapter 3 Section 3.4.  
5.4.4. Synthesis of Gold Nanocubes: We followed the seed-mediated 
method
6
 developed by Sun et al. A gold seed solution was prepared by 
reducing 6.25 ml of HAuCl4·3H2O (1.0 mM) with 0.15 ml of ice-cold sodium 
borohydride aqueous solution (NaBH4, 0.1 M) in the presence of 18.75 ml of 
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cetyltrimethylammonium bromide aqueous solution (CTAB, 0.1 M). The 
NaBH4 solution was added at once to a solution containing CTAB and gold 
precursor. We left the reaction mixture to stir for 4 hours at room temperature 
before proceeding to the next step. For the growth solution of gold 
nanocuboids, 20.0 ml of CTAB (0.02 M) was added to a clean polypropylene 
tube, followed by the addition of 5.0 ml of HAuCl4·3H2O (2.0 mM) aqueous 
solution. Then we added 50 µl of copper sulfate (CuSO4, 0.01 M) aqueous 
solution, 3.0 ml of L-ascorbic acid (L-AA, 0.1 M) and 5.0 µl of gold seed 
solution sequentially. The solution was gently mixed by inversion of the test 
tube after the addition of each component. 
  5.4.5. Functionalization of Gold Nanocubes with Mixed SAMs: The 
gold nanocuboids solution was subjected to three times of washing treatment 
by centrifugation and re-dispersion in order to minimize the concentration of 
CTAB surfactant molecules before functionalization. Specifically, 1.5 µl of 1-
butanethiol (BT) solution (1.0 mM in CH3CN:H2O mixture of 4:1) and 1.5 µl 
of 1,3-propanedithiol (PDT) solution (1.0 µM in CH3CN:H2O mixture of 4:1) 
was added into 2.0 ml of CH3CN:H2O mixture of 4:1. Subsequently, 0.38 ml 
of 0.12 nM gold nanocuboids solution was added into the mixture and stirred 
for 30 min. The reaction mixture was washed with CH3CN:H2O mixture of 4:1 
once and re-dispersed in the same solvent mixture. Finally, 3.0 µl of the 
mixture was drop-cast onto a silicon nitride membrane (30 nm-thick, S1N1 
Agar Scientific) and copper grid. 
  5.4.6. Functionalization of Gold Nanocubes with PVP: The gold 
nanocuboids solution was subjected to three times of washing treatment by 
centrifugation and re-dispersion in order to minimize the concentration of 
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CTAB surfactant molecules before functionalization. Then, 30 mg/ml of 
aqueous PVP solution was added into the as-washed nanocubes solution for 2 
hours at room temperature. Finally, 3.0 µl of the mixture was drop-casted onto 
a silicon nitride membrane (30 nm-thick, S1N1 Agar Scientific) and copper 
grid. 
  5.4.7. EELS Measurements. Refer to Chapter 4 Section 4.2.2.  
5.4.8. Imaging Techniques: The time-lapse TEM images were 
acquired with high-resolution FEI Titan and JEOL2010FEG transmission 
electron microscopes operating at 200 kV with electron doses ranging from 
100 to 3000 e/(Å
2
·s). We imaged at a rate of 10−25 frames per second for the 
gold nanocubes experiments, 1-2 frames per minute for the silver nanocubes 
experiments with ORIUS SC200 (Gatan, Inc.) CCD camera. 
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Chapter 6  
Real-Time Imaging of Chemical 
Reactions between Silver and Gold 
Nanoparticles 
Abstract: In this Chapter, a study on the galvanic replacement reaction of 
silver nanocubes in dilute, aqueous ethylenediaminetetraacetic acid (EDTA)-
capped gold aurate solutions using in-situ liquid cell electron microscopy will 
be demonstrated. Au/Ag etched nanostructures with concave faces are formed 
via (1) etching that starts from the faces of the nanocubes followed by (2) the 
deposition of an Au layer as a result of galvanic replacement, and (3) gold 
deposition via particle coalescence where small nanoparticles are formed 
during the reaction as a result of radiolysis. Analysis of the silver removal 
rate and gold deposition rate provides a quantitative picture of the growth 
process and shows that the morphology and composition of the final product 
are dependent on the stoichiometric ratio between gold and silver. 
 
6.1. Introduction 
The formation and reaction dynamics during chemical synthesis or 
transformation of nanoparticles in solution have been widely studied using ex-
situ methods. A popular method is the so-called ‘quench-and-look’ approach, 
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where the reaction is stopped at various stages, after which the intermediate 
reaction products are imaged with transmission electron microscopy (TEM). 
This approach yields detailed information regarding the structure of the 
(intermediate) reaction products, but early stages of the reaction or fast 
reactions cannot be tracked. Also unknown is the way in which the sample 
preparation, i.e., quenching, drop-casting, drying, etc., affects the reaction. 
These limitations complicate mechanistic studies of structural evolution 
nanoparticles and related reactions including galvanic replacement, core-shell 
particle, or the formation of particles with well-defined shapes. 
Using in-situ imaging in liquid cells mounted inside a TEM, we 
directly follow in real-time the galvanic replacement reaction between silver 
nanocubes and chloroauric acid in aqueous medium. We found that this 
reaction is fast and is completed within minutes, faster than the sample 
preparation and loading time of 5 minutes, preventing the observation of the 
early stages of the reaction. Adding the chelating ligand 
ethylenediaminetetraacetic acid (EDTA) to the reaction mixture prior to the 
addition of the silver nanocubes made it possible to follow the reaction over a 
longer (7-10 minutes) period of time because EDTA is able to form complexes 
with gold ions.  
In this Chapter, we show a new mechanistic pathway where the aurate 
etched the silver nanocubes’ faces, making them bowl-shaped, while 
simultaneously a layer of gold was deposited onto the silver cube as a result of 
galvanic replacement. In parallel, gold was also deposited via coalescence and 
monomer attachment as small gold nanoparticles formed during the reaction as 
a result of radiolysis. These results help to understand the mechanisms of 
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nanoparticle growth by galvanic replacement reactions, where the morphology 
and composition are governed by a subtle change in local stoichiometry, 
which is useful for field of material engineering and metallic microscopic 
corrosion. 
Galvanic replacement reactions are based on the principle that metal 
ions with higher oxidation potentials undergo reduction by oxidizing the metal 
present on the nanoparticles.
1-5 In this study, we focus on the galvanic 
replacement between Ag nanocubes and aurate for which the following 
mechanism has been proposed by Sun et al.
1
 The standard reduction potential 
of AuCl4
−
/Au (0.99 V vs. standard hydrogen electrode, SHE) and AuCl2
−
/Au 
(1.11 V vs. SHE) is higher than that of Ag
+
/Ag (0.80 V vs. SHE) and 
consequently, the galvanic replacement of Ag by Au (Eq. 1 and 2) is 
thermodynamically favorable and spontaneous.  
3Ag (s) + AuCl4
−
 (aq) → Au (s) + 3AgCl (s) + Cl− (aq)                (Eq. 1) 
Ag (s) + AuCl2
−
 (aq) → Au (s) + AgCl (s) + Cl− (aq)                    (Eq. 2) 
Sun et al.
1
 identified three distinct steps in the reaction of silver 
nanostructures with chloroauric acid (HAuCl4) by ex-situ TEM imaging: first, 
pinholes form in the silver nanocubes via etching of the Ag by the gold aurate, 
then the silver nanocubes dissolve and an Au-Ag alloy forms on the walls of 
the cubes. Finally, the particles de-alloy followed by growth of the Au layer at 
the expense of the Ag till finally the hollow Au structures are formed (i.e., 
hollow nanocages). Moreover, Au et al.
6
 investigated the effect of the reaction 




. They reported that 
Ag cubes reacting with AuCl2
− 
at an early stage produce nanoboxes and 
eventually form nanoframes without the dealloying step. They observed a 
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molar ratio of 1:1 between generated Au and consumed Ag, i.e., more gold 
was deposited per oxidized Ag atom in the reaction with AuCl2
−




In order to understand the dynamic processes of galvanic replacement, 
high-resolution imaging and quantitatively analyzing the morphological and 
structural changes of the Ag cubes in this galvanic replacement reaction are 
needed.  
 
6.2. Results & Discussion 
6.2.1. The Attempt to Slow Down the Reactions 
Refer to the Chapter 3 Section 3.2.2 for synthesis of the silver 
nanocubes used in this Chapter. The experimental detail of the synthetic 
procedures is reported in the experimental section at end of Chapter 3.  
To investigate the mechanism of the galvanic replacement reaction of 
Ag by aurate, we used a combination of in-situ TEM imaging and ex-situ 
characterization techniques such as post-mortem TEM imaging, energy-
dispersive X-ray spectroscopy (EDX), scanning TEM (STEM)-tomography, 
etc., to study the structure, morphology and composition variation of the 
nanostructures in detail. For the ex-situ measurements, we typically added 5 µl 
of 10 mM HAuCl4 at once to react with a 1 ml ~0.7 nM Ag nanocube 
suspension, following the reaction kinetics by UV/Vis spectroscopy. The 
absorbance value of the Ag nanocube suspension at a wavelength of 419 nm 
dropped by 80% of its initial value within one minute. Since the time required 
to inject the reaction mixture into the liquid cell, mount the liquid cell into the 
TEM, and start imaging is ~5 minutes, we could not observe the early stages 
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of the reaction. To lower the reaction rate, we added the chelating ligand 
ethylenediaminetetraacetic acid (EDTA) that readily binds to metal cations.
7
 
At the same volume ratio of HAuCl4 and Ag nanocubes as stated above, the 
reaction was slowed down in the presence of 10 mM EDTA where the 
absorbance value of the Ag nanocube suspension decreased merely 20% of its 
initial value within one minute. 
Figure 6.1 (a) shows the UV-vis spectra of Ag nanocubes solution 
before (green curve) and after interacting with gold ions solution with EDTA 
(red curve) and without EDTA (black curve) while Figure 6.1 (b) shows the 
plot of intensities versus time. In the absence of EDTA, the absorbance value 
at 419 nm dropped to ~20% of its initial value within 2 minutes. With EDTA, 
absorbance value at 419 nm dropped to ~80% of its initial value within 2 
minutes. This proves that EDTA plays a role in slowing down the reaction rate 
between silver nanocubes and gold ions. 
 
Figure. 6.1 (a) UV-vis spectra of Ag nanocubes solution before (green curve) and after 
interacting with gold ions solution with EDTA (red curve) and without EDTA (black curve). 




6.2.2 In-Situ Observation of Galvanic Replacement Reactions 
Figure 6.2 (a) shows a time (t, in s) series of TEM images from a 
single Ag nanocube reacting with the gold aurate solution inside a liquid cell. 
The EDTA-capped gold ions etch the faces of the Ag nanocube, resulting in 
bowl-shaped faces. Figure 6.2 (b) illustrates this process schematically. At t = 
0 s, the Ag nanocubes and small particles (encircled in red) are visible.  As the 
small nanoparticles were repelled from the electron beam too fast for analysis 
at the dry state, we were not able to measure their chemical composition but 
we suggest that these are small Au nanoparticles that formed via radiolysis 
(i.e., reduction of Au
3+
 by solvated electrons). The image recorded at t = 4.7 s, 
and the subsequent images, show that one of these nanoparticles slowly 
disappears. We propose that the small Au nanoparticles disappear and that the 
Au is deposited on Ag cubes via particle coalescence and a monomer 
attachment process. In addition, these images show that the volume of the 
nanocube increases during the reaction (indicated by the red and green arrows).  
Figures 6.2 (c) and (d) show the evolution of the particle volume V (in 
nm
3
) which is associated with the removal of silver and deposition of gold for 
five particles as a function of the reaction time (see Section 6.4 for volume 
estimation details). We observe two time domains with distinct reaction 
kinetics: from t = 0 s to t = 6 s (blue colour region) and from t = 7 s to t = 14 s 
(red colour region), we fitted all five curves to an exponential function, with 
the volume depletion or growth equal to Eq. 3.  
                              V = V0e
-kt
 ,                                             (Eq. 3) 
where V0 is the initial volume of the nanocube (nm
3
) and k is the rate constant 
(s
-1
). The dotted lines represent fits to Eq. 3. For all five data sets from t = 0 s 
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to t = 6 s (blue color region), simple exponential regression estimates k to be -
0.02 ± 0.01 s
-1 
for silver removal and 0.12 ± 0.09 s
-1 
 for gold deposition. The 
indicated errors represent the standard deviation from five independent 
measurements.  
The order of the reaction tells us how the rate of the reaction varies 
with respect to the reactant concentration. Overall, the reaction order is two 
(first order with respect to silver nanocubes and gold aurate). For both regions, 
the rate of removal of Ag and deposition of Au show linearly dependent on the 
silver nanocube and aurate concentration respectively. Although the removal 
rate of silver is expected to be faster than the deposition rate of gold since the 
estimated molar ratio of gold deposition versus silver removal, MAg:MAu 
would be 3:1, according to the Eq. 1, three equivalents of Ag atoms are 
required to reduce one equivalent of Au
3+ 
to metallic Au. However, our results 
show that the rate constant ratio of Ag:Au is 1:5.9 where the deposition rate of 
gold is faster than the depletion rate of silver. This also explains in our 
experiments the absence of pinholes which serve as a pit for silver removal, as 
reported elsewhere.
6
 In our experiment, the silver removal is much slower than 
the gold deposition due to three factors: the electron beam, the presence of 
EDTA and the presence of Ag atoms in the galvanic replacement reaction. For 
the time domain t = 7 s to t = 14 s (red coloured region), k is calculated to be -
0.015 ± 0.01 s
-1
 for silver removal and 0.05 ± 0.01 s
-1
 for gold deposition. Our 
results show that the rate constant ratio of Ag: Au is 1.3.5 where the 
deposition rate of gold is faster than the depletion rate of silver, similar to the 
first time interval.  
134 
 
We attribute this discrepancy in molar ratio to the two reactions that 
happen in parallel: galvanic replacement and growth of a gold layer via 
particle coalescence and monomer attachment process. We believe that the 







 This hypothesis also explains 
the formation of the small Au nanoparticles shown in Figure 6.2 (a) as 





thereby changing the stoichiometric ratio in Eqs. 1 and 2.  
 
Figure 6.2 (a) Time-lapse TEM images showing a silver nanocube interacting with the gold 
aurate solution inside a liquids cell. (b) Schematic of the galvanic replacement reaction 
between silver nanocubes and EDTA-capped gold ions solution. Evolution of the particle 
volume depletion/growth rate as a function of time: (c) removal of silver and (d) deposition of 
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gold. Blue color region indicates faster initial reaction kinetics in comparison with the later 
red color region.  
 
6.2.3. The Role of EDTA ligands 
The TEM images in Figure 6.3 (a) and (c) show the control 
experiments of silver nanocubes performed with and without EDTA-capped 
gold ions solution respectively. The silver nanocubes were transformed into 
porous (alloy) nanocages without the presence of EDTA. In the presence of 
EDTA, the silver nanocubes were etched from the edges, a layer of gold was 
deposited surrounding the nanocube during the galvanic replacement reaction 
as shown in Figure 6.3 (c). Without the presence of chloroauric acid, EDTA 
itself is unable to induce any chemical reaction, therefore the nanocubes still 
maintain its shape as shown in Figure 6.3 (b). 
In order to investigate the role of EDTA in this gold-silver galvanic 
replacement reaction, the EDTA and chloroauric solutions were mixed for 5, 8, 
and 10 minutes, before subsequent addition of silver nanocubes solution. 
Different extent of etching of silver nanocube was observed for different 
reaction times of EDTA with gold ions as shown in Figure 6.3 (d), (e) and (f). 
The extent of etching is the less when the reaction time between EDTA and 
gold ions is longer and vice versa. From this observation, the we conclude that 
the chelating behavior of EDTA to gold ions is significant. 
We prepared the SEM samples by spinning down the silver 
nanoparticles suspension with centrifuge after reacting with EDTA-capped 
gold ions aqueous solution for 30 minutes, and subsequently spin-coated them 





 where they treated the suspension with NaCl in order to get rid of 
AgCl before centrifugation. However, due to the limitation of SEM technique, 
we are not able to resolve those etched particles. 
 
Figure 6.3 TEM images of silver nanocubes after reacting with (a) HAuCl4 gold precursor 
solution (b) EDTA aqueous solution. (c) EDTA-capped gold ions solution for 8 minutes, 
while (c-f) show the nanostructures where EDTA capped gold ions for different reaction times: 
(d) 5 minutes (e) 8 minutes and (f) 10 minutes respectively. (g) and (h) SEM images of silver 





6.2.4. Energy-Dispersive X-Ray Spectroscopy 
To study the structure of the nanoparticle before and after galvanic 
replacement reaction, we drop-casted nanoparticle suspensions onto the TEM 
grids. The low magnification TEM images in Figure 6.4 show the structure of 
the Ag nanocubes before (a) and after (b) reacting with EDTA-capped gold 
ions solution. Figure 6.4 (c) and (d) show the TEM images of a single Ag 
nanocube before and after interacting with EDTA-capped gold ions solution 
respectively, and the insets show the electron diffraction patterns of those 
individual nanostructures. Figure 6.4 (e) shows a high resolution TEM image 
of the particle. The electron diffraction patterns suggest that the Ag nanocubes 
are single crystals with {100} facets before interacting with the EDTA-capped 
gold ions solution, similar to what has been reported by Sun et al.
1
 The 
crystallinity of the nanocubes is preserved after interacting with EDTA-capped 
gold ions solution.  
To discriminate between the Au and Ag, we used STEM-EDX for the 
following reason. The lattice parameters of Au and Ag are nearly identical 
resulting in indistinguishable diffraction patterns. In contrast, EDX is element 
specific and readily allowed us to map the elemental composition of the 
nanoparticle using STEM-EDX.
9
 Figure 6.4 (f-i) shows a STEM image and 
the corresponding EDX maps from a single particle. The results indicate that 
the final nanostructure consists of Ag and inhomogeneously distributed Au. 
The EDX line-scan in Figure 6.4 (j) suggests that the gold is mainly deposited 
at the edges of the structures, covered like a shell on the etched nanocubes. 
The atomic percentages of Ag and Au that extracted from the EDX map are 97 





Figure 6.4 Low magnification TEM images of Ag nanocubes (a) before and (b) after reacting 
with EDTA-capped HAuCl4 aqueous solution. HRTEM images of an Ag nanocube (c) before 
and (d and e) after reacting with EDTA-capped HAuCl4 aqueous solution. The insets show the 
corresponding diffraction pattern. (f) HAADF-STEM image and (g-i) the corresponding 
STEM-EDX maps of an individual Ag/Au nanostructure. Note that (g) and (h) show the EDX 
signal for Ag and Au respectively, while (i) displays the signal for Au and Ag simultaneously. 
(j) EDX line-scan profiles of the same structure. The yellow line plots the relative counts for 
Au (yellow) and Ag (blue) along the white arrow in panel (i). (j) EDX line-scan profiles of the 
same structure. The yellow line plots the relative counts for Au (yellow) and Ag (blue) along 
the white arrow in panel (i). 
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6.2.5 3D STEM Tomography 
To further characterize the final structure of the etched nanocube, 3D 
STEM tomography was conducted, providing a 3-dimensional view of this 
structure.
10
 We tilted the substrate with the etched nanocube from -70° to 70° 
with respect to the horizontal axis of the nanocube. We brought the series of 
images to one rotation axis by aligning all images accurately and reconstructed 
a 3D volume over 58 STEM images. The reconstructed 3D volume in Figure 
6.5 (b) shows concave faces on the silver nanocube, while the whole structure 
remains solid. 
In addition, the x-y slice extracted from the 3D volume in Figure 6.5 (a) 
reveals that the edges and part of the faces appear brighter (having higher 
intensities), as indicated by red circles. It is known that the intensity in 
HAADF-STEM images scales with the atomic number of the elements present 
in the sample: Ag (47) and Au (79).
11
 This is consistent with our EDX 
observation in Figure 6.4 (i) where the gold layer was deposited at the edges 
and surfaces of the Ag nanocube. 
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Figure 6.5 HAADF-STEM tomography images of an individual nanostructure where the 
substrate was tilted from -70° to 70°. (a) A reconstructed x-y slice extracted from the 3D 
volume in (b). (c) Schematic illustration showing the top and side view of the above structure.  
 
6.3. Conclusions 
We observed a different mechanistic pathway where an etching 
process starts from the faces of the nanocubes followed by gold deposition 
together with particle coalescence and monomer attachment process, finally 
lead to a bowl-shaped etched Au/Ag nanostructure. The use of chelating 
ligands EDTA makes it possible to quantitatively analyze the chemical 
reactions while they happen. We extracted all the reaction kinetics from the 
dynamics that we observed inside the in-situ TEM liquids cells and the final 
structure shows good agreement with the ex-situ characterization techniques 
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such as EDX and 3D STEM Tomography. By using TEM liquids cells, we are 
able to conduct a quantitative analysis on single particle dynamics which offer 
us a way to determine the rate of silver removal and gold deposition at the 
nanoscale. 
 Our results will provide insights into the field of metallic microscopic 
corrosion and nanoparticle growth by galvanic replacement reaction, where a 
subtle change in stoichiometric ratio could lead to a huge difference in 
morphology and composition, thereby tuning the structural properties of the 
nanomaterials which will be important for material engineering in 
nanofabrication.  
 
6.4. Experimental Section 
6.4.1. General Procedures. We purchased the chemicals: poly(vinyl) 
pyrrolidone, silver nitrate, gold (ш) chloride trihydrate (HAuCl4) and 
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) from Sigma-
Aldrich, sodium sulfide and ethylene glycol from J.T. Baker, all chemicals 
were used without further purification with glass vials from Fisher Scientific. 
We soaked all the stirrer bars in aqua-regia (mixture of 3:1 volume ratio of 
nitric acid: hydrochloric acid) for at least 1 hour, washed with deionized water 
(18.2 MΩ·cm), and dried them in an oven at 80-120° Celcius before use. We 
washed the nanoparticles with centrifuges of the brand Rotina (380R) and 
Profuge (14D). The UV/Vis spectra were recorded on a UV/VIS/NIR 
spectroscope (PerkinElmer Lambda 750), measuring the light transmission 




6.4.2. Synthesis of Silver Nanocubes.  
Refer to Chapter 3 Section 3.4. 
6.4.3. In-situ Imaging Techniques: We pre-mixed the 5 µl of 10 mM 
HAuCl4 aqueous solution with 900 µl of 10 mM EDTA aqueous solution for 8 
minutes. Subsequently, we added 100 µl of as-prepared silver nanocubes 
solution into the mixture. We loaded approximately 400 nL of the resulting 
solution into a liquid cell, which is comprised of two ultrathin (∼14 nm) 
electron translucent SiNx membranes separated by ∼200 nm with spacers. 
Prior to solution loading, these liquid cells were oxygen plasma treated to 
make their SiNx membrane surfaces hydrophilic. Each liquid cell, sealed with 
a copper gasket, is inserted into the TEM using a specimen holder. We used a 
JEOL 2010FEG TEM operated at 200 kV for in situ imaging with electron 
doses ranging from 2000 to 5000 e/(Å
2
·s). We imaged at a rate of 10−25 
frames per second with ORIUS SC200 (Gatan, Inc.) CCD camera.   
6.4.4. Volume Estimation (Particle in Figure 6.2): 
 
Average edge length of cube = 36.97 nm 
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= 18.49 𝑛𝑚 
ℎ1 =  36.97 −
(32.11 + 22.19)𝑛𝑚
2








[3(18.49 𝑛𝑚)2 + (4.91 𝑛𝑚)2] = 2698.74 𝑛𝑚3 
𝑉𝐴𝑔 = 36.97
3 − 6 (𝑉1) =  34350.05 𝑛𝑚3 
𝑉2 = [




−  [36.97]3 = 33757.04 𝑛𝑚 3 
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Chapter 7  
Real-Time Imaging of Au@Ag 
Core-Shell Nanoparticles Formation 
Abstract: We studied the overgrowth process of silver on gold nanocubes 
in dilute, aqueous silver nitrate solution in the presence of reducing agent, 
ascorbic acid using in-situ liquid cell electron microscopy. Au@Ag core-shell 
nanostructures were formed via two mechanistic pathways: (1) nuclei 
coalescence where the silver nanoparticles absorbed onto the gold nanocubes 
and (2) monomer attachment where the silver atoms epitaxially deposited onto 
the gold nanocubes. Both patways lead to the same Au@Ag core-shell 
nanostructures. Analysis of the silver deposition rate reveals the growth 
modes of this process and show that this reaction is chemically-mediated by 
the reducing agent, ascorbic acid.  
 
7.1. Introduction 
Core-shell nanoparticles are highly functionalized nanoparticles with 
distinctive properties that originate from different materials. The properties of 
the core-shell nanoparticles can be tuned by either the constituting materials or 
the core to shell ratio.
1
 This tunability makes it possible to manipulate the 














 etc. The advantages of coating on the core particle over 
surface modification of nanoparticles are many-fold and core-shell 
nanoparticles have improved functionality, stability, dispersibillity, than the 
surface modified particles. Furthermore, core-shell nanoparticles are also used 
in applications requiring controlled released of the core to form hollow 
nanostructures, reduction in consumption of precious materials.
8
  
The fabrication of core-shell nanoparticles with different morphology 
and composition can be accomplished by various chemicals means such as 
solution phase reduction
9-10
 and physical methods such as wire electrical 
explosion followed by the ultrasonic irradiation.
11
 Fine-tuning of the surface 
structure, i.e., the dominant crystalline facets and surface composition, is 
important for applications such as catalysis and can be accomplished with the 
addition of different chemical additives.
12
 For instance, whether {111} or {100} 
facets dominate on the Ag shells is determined by the presence of chemical 
additives poly (vinyl) pyrrolidone (PVP), N,N-dimethylformamide (DMF) and 
ethylene glycol (EG).
12
 In general, the synthesis parameters are derived 
empirically and the final nanoparticle morphology is confirmed with the so-
called ‘quench-and-look’ approach, where the reaction is stopped at various 
stages, after which the intermediate reaction products are imaged with 
techniques such as transmission electron microscopy (TEM). However, early 
stages of the reactions and intermediate structures cannot be investigated this 
way. As such, the interplay of different chemical additives, such as surfactants 
and reducing agents, remain largely unresolved. Clarification of these 
questions is important to understand how processes such as atom deposition 
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and surface diffusion in dictating the evolution of a seed into nanocrystals of 
various shapes. 
For chemically-synthesized Au@Ag cubic core-shell nanoparticles, 
Xia and co-workers
13
 reported that the Au cubes tend to nucleate and grow 
homogeneously on six low-index (100) planes of the cubic seeds when a 
strong reducing agent ascorbic acid (AA) was used. They attributed the 
observation to fast reducing kinetics by AA which promote the formation of 
{100} in the presence of bromide ions from the surfactants, 
cetyltrimethylammonium bromide (CTAB). There are also studies suggested 







 have suggested the size of the shell is 
dependent on the ratio of precursor, reducing agent and size of the core. Under 
conditions of increased precursor and reducing agent, the Ag prefers continue 
growing on the Ag overgrowth rather than to homonucleate in the solution as 
heterogeneous nucleation and growth is generally more favorable than 
homogeneous nucleation as a result of lowered free energy barrier.
17
  
Moreover, Xia et al.
18
 has also proposed the final product of the 
overgrowth reaction is determined by the ratio between the rates of atom 
deposition (Vdeposition) and surface diffusion (Vdiffusion). The stable shape of the 
resultant nanostructure will depend on the presence of capping agents to 
stabilize the enlarged high energy facets, the lack of which will lead to the 
nanostructure adopting the thermodynamically favoured shape. However, it is 
still ambiguous how the atoms get deposited onto the surface of a seed and 
migrated to other sites of the surface, leading to the formation of diversified 
shape of the shell. Moreover, there is little experimental verification of these 
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mechanisms of overgrowth due to the difficulties in probing the earlier stages 
of growth as mentioned in the previous paragraph. 
In this Chapter, we studied the formation of Au@Ag core-shell 
nanocubes, which had been shown to possess excellent and tunable plasmonic 
properties
9-10, 16
, using liquid cell transmission electron microscopy. We used a 
synthesis recipe similar to the cited work to fabricate these nanostructures with 
the following differences. (1) The Au seeds are subjected to washing 
procedure in order to minimizing the surfactants concentration before 
introducing into the liquid cell. (2) The Au seeds are drop-casted on one half 
of the liquid cell prior to assembly and silver nitrate solution introduced via 
the flow tubing after loading the holder in to the TEM. (3) The experiments 
are carried out at room temperature. The in-situ results are also compared 
against nanocubes that we synthesized on the laboratory bench (Section 7.2.3 
for details). Surprisingly, we found that our initial strategy of using the 
electron beam as substitute for a reducing agent did not work for the growth of 
the Au@Ag core-shell nanocubes.  
 
7.2. Results & Discussion 
7.2.1. The Reducing Agent: Electron Beam 
In-situ electron microscopy with liquid cells is an emerging technique 
for elucidating the mechanisms of nanostructure formation.
19-21
 It is also well-
known that the electron beam itself can act as a reducing agent and reduce 
metal ions into atoms through the action of solvated electrons (from radiolysis 
of water). This effect has been exploited for dynamical studies of silver
22-23
 





and Wu et al.
16
 demonstrated the use of in-situ liquid cell microscopy to study 
the solution growth of Au@Pd and Pt@Au core-shell nanoparticles, 
respectively. In both studies, the electron beam replaces the reducing agent, 
leading to metal deposition.  
Figure 7.1 shows typical structures that were formed when silver 
nitrate was introduced to Au cubes in the absence of L-ascorbic acid (using 
electron beam as reducing agent). We did not observe the Au@Ag core-shell 
nanostructures formation under electron beam irradiation. When Ag clusters 
attach to the Au cuboids, they attach randomly and develop into ramified 
structures. They did not merge into a conformal layer but tend to have 
dendritic growth (red arrows). 
 
Figure 7.1 (a-d) Time-lapse TEM images showing two gold nanocubes interacting with the 
silver nitrate aqueous solution in the absence of L-ascorbic acid inside a liquid flow cell. 
 
7.2.2. The Role of Chemical Additives: Ascorbic Acid 
In subsequent experiments, we reverted back to conventional recipe by 
pre-mixing the gold nanocubes with a reducing agent of L-ascorbic acid (AA) 
before introducing the silver precursor solution into the mixture. Figure 7.2 (a-
e) shows time-lapsed TEM images of Au@Ag core-shell nanocubes that were 
observed in-situ. In this case, the shell formation is conformal and 
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homogeneous instead of randomly attachment as seen in figure 7.1. Moreover, 
these core-shell nanostructures are similar in terms of morphology to those 
prepared ex-situ (Figure 7.2 f). In-situ observations and ex-situ TEM 
diffraction result also show that growth of the Ag layer results in the 
development of {110} facets (Figure 7.2 a), in agreement with core-shell 
nanoparticles synthesized on the laboratory bench. The measured shell 
thicknesses are indistinguishable for the Au@Ag nanostructures prepared by 
in-situ (7 ± 3 nm) and ex-situ (7 ± 3 nm) methods as shown in the histogram. 
Due to the similarities, we believe that while the electron beam can reduce 
silver nitrate and it does not promote the overgrowth reaction. 
Furthermore, our results do not agree with overgrowth model promoted 
by the halide ions as mentioned in the introduction. The Au nanocubes that 
were used in our experiments have been washed and there should be little 
residual CTAB left in solution. The lack of available CTAB is also evidenced 
by the Au nanocubes gradually changing their shapes with time after washing 
(Figure 7.3). Therefore, initial formation of the Ag layer is due to the presence 
of AA. Given that there was also no overgrowth when the electron beam was 
used as a reducing agent, we suggest that ascorbic acid plays a previously 





Figure 7.2 (a-e) Time-lapse TEM images showing a gold nanocube interacting with the silver 
nitrate aqueous solution in the presence of L-ascorbic acid (AA) inside a liquid flow cell. (f) 
TEM image of ex-situ prepared Au@Ag core-shell nanostructures with addition of AA. 
Histograms of Au@Ag core shell nanoparticles that are prepared by (g) ex-situ (h) in-situ 
methods respectively. 
 
Figure 7.3 shows the TEM images of the aged gold nanocubes (aging 
time: ~ 2 hours) after the washing procedure. The corners of the nanocubes 
start to turn round, and eventually become quasi-spherical gold nanoparticles. 
 




7.2.3. Ex-Situ Characterization 
Figure 7.4 show the TEM images of the in-situ prepared Au/Ag 
nanostructures after reacting with silver nitrate solution without (a) and with 
(b) ascorbic acid. As mentioned above, we observed the inhomogeneous 
coating of the silver onto the Au cubes without the presence of the ascorbic 
acid. In addition, we merely observed ramified structures. With the addition of 
ascorbic acid, we observe the formation of Au@Ag core-shell nanostructures 
via ex-situ characterization techniques, such as UV-Vis spectroscopy, EDX, 
3D STEM Tomography and TEM diffraction. 
 
Figure 7.4 TEM images of gold nanocubes after reacting with (a) silver nitrate solution 
without ascorbic acid (b) silver nitrate solution with ascorbic acid. 
 
7.2.3.1. UV-Vis Spectroscopy 
          Figure 7.5 shows the low magnification TEM images of the ex-situ 
prepared gold nanocubes before (a) and after(c) reacting with the silver nitrate 
aqueous solution. The UV-Vis spectra in Figure 7.5 (b) indicates that this 
reduction reaction happened within one minute (the spectra was collected right 
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after the addition of silver nitrate solution), the color of the solution changed 
instantly from purple to red color.  
 
Figure 7.5 Low magnification TEM images of ex-situ prepared gold nanocuboids (a) before 
and (c) after reacting with silver nitrate aqueous solution (b) UV-vis spectra of the solution 
before (purple) and after (red) adding the silver nitrate aqueous solution. The insets show the 
corresponding photographs of the solutions.  
 
7.2.3.2. TEM Imaging Characterization 
In addition, we found out that the silver shell transformed from a cubic 
shape into a truncated cubic/octahedral shape, the assymmetric growth of Ag 
on Au becomes more and more symmetric (Figure 7.6 a-c) upon increasing the 
concentration of the reducing agent. The ex-situ prepared Au@Ag core-shell 
nanostructures show that the growth of the Ag layer results in the development 
of {100} facets changing to {110} facets as the reduction proceeds. It is also 
worth noting that the thickness of the shells (see Figure 7.2 for histograms) are 
similar for both ex-situ and in-situ observation. These explain our in-situ 
results where the Ag layer grows and develops into {110} facets when an 




Figure 7.6 TEM images of gold nanocubes after reacting with fixed amount of 20 µl of 10 
mM silver nitrate solution and 10 mM of ascorbic acid of (a) 10 µl (b) 50 µl (c) 200 µl. 
 
7.2.3.3. TEM Diffraction 
Figure 7.7 (a) and (c) show the TEM images of the individual 
nanostructure and the corresponding electron diffraction patterns before and 
after reacting with the silver solution. The electron patterns suggest that the 
gold nanocubes are single crystals with {100} facets before reacting with the 
silver nitrate solution. The Au@Ag core-shell nanostructure show a diffraction 
patterns with {110}and {111} facets. The nanostructure in Figure (f) shows 
the cubohedron enclosed by a mix of {111} and {110}. It must be noted that 
the lattice parameters of gold and silver are nearly identical, so we are not able 
to distiguish between gold and silver diffraction spots directly, but STEM-




Figure 7.7 TEM images of a gold nanocube (a) before and (c) after reacting with silver nitrate 
aqueous solution in the presence of AA and their corresponding diffraction patterns (b) and (d) 
respectively. (e) and (f) showing the high resolution TEM images of a Au@Ag core-shell 
nanostructure and its corresponding FFT (g).  
 
7.2.3.4. Energy-Dispersive X-Ray Spectroscopy (EDX) 
 Figure 7.8 shows (a and c) STEM images and the coressponding EDX 
line scans (b and d) from a single Au@Ag core-shell nanostructure. The line 
scans suggest that the shell is consisted of silver while the core remains as 
gold. Moreover, the shell thickess is not uniformly covered over the nanocube. 
The intensity in the HAADF-STEM images scales with the atomic number of 






Figure 7.8 (a) and (c) HAADF-STEM images of two Ag/Au core-shell nanostructures while 
(b) and (d) EDX line-scan profiles of the same structure respectively. The yellow line plots the 
gold counts; the blue line the silver counts from the location of the white arrow in panel (a) 
and (c) respectively.  
 
7.2.3.5. 3D HAADF-STEM Tomography 
          We conducted HAADF-STEM tomography which is able to 
provide a 3-dimensional view to further characterize the Au@Ag core-shell 
nanostructures.
25
 We tilted the substrate with the etched nanocube from -70° 
to 75° with respect to the horizontal axis of the nanocube. We brought the 
series of images to one rotation axis by aligning all images accurately and 
reconstructed a 3D volume over 57 STEM images eventually. The 
reconstructed 3D volume showed clearly a truncated cube/octahedron silver 
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shell coated on the gold nanocube. In addition, the HADDF-STEM images in 
Figure 7.9 (c) reveal that the core of the structure appears to be brighter 
(higher intensities) which were indicated by red dotted lines. The intensity in 
the HAADF-STEM images scales with the atomic number of the elements 
present in the sample: Ag (47) and Au (79).
24
 This is consistent with our EDX 
observation in Figure 7.8 where the silver layer was deposited onto the gold 
nanocube. 
 
Figure 7.9 Surface-rendered visualization of the Au@Ag core-shell nanostructure 
morphology reconstructed by HAADF-STEM tomography, viewed along the (a) [100] and (b) 
[001] axes. (c) HAADF-STEM tomography images of an individual nanostructure where the 





7.2.4. In-Situ Observation: Mechanistic Pathways for Core-Shell 
Nanoparticles Formation 
Furthermore, our results show that two mechanistic pathways in which 
the overgrowth occurs. (1) Pre-nucleated silver nanoparticles approach and 
absorb onto the gold nanocubes, followed by coalescence to form a layer of 
silver on the gold nanocube. (2) The gold nanocubes undergo deposition of 
silver through monomer attachment. Figure 7.10 (a) and (c) show two time 
series of TEM images from single Au nanocube reacting with the silver nitrate 
aqueous solution inside a liquid flow cell via the two pathways resulting in the 
Au@Ag core-shell nanoparticle formation. Figures 7.10 (b) and (d) illustrate 
these two processes schematically. 
For the first pathway, we observed the formation of small particles of 
diameter ~3 nm (encircled in red) at t = 4.7 s. We believe these small silver 
particles are formed when the silver nitrate solution is brought in contact with 
the (1) L-ascorbic acid (AA) solution inside the liquid cell or (2) through 
radiolysis (i.e., reduction of the Ag
+
 ions by solvated electrons). The image 
recorded at t = 17.8 s and the subsequent images show that the small silver 
nanoparticles attach onto the surface of the gold nanocube and then merge into 
a continuous layer. In addition, the shell thickness at the edge (E) and corner 
(D) in Figure 7.10 (e) shows a non-linear growth as a result of the small 
particles dissolution. The measurement of thickness is done over three real-
time movies of three different particles. For the second pathway, there is no 
small particles formation throughout the whole growth process. We observed a 
conformal growth (homogeneous coating) of the silver shell as a function of 
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time. Both pathways will eventually lead to the same final product: the 
Au@Ag core-shell nanostructure.  
Similarly limited growth also has been reported in previous studies.
9-10, 
12-13, 16
 Electron beam depletion of the precursor solution can be one reason 
causing the termination of further shell growth in the in-situ experiments, but 
we also observe Ag nanoparticles formation outside the field of view due to 
electron beam reduction. Furthermore, it does not explain why the growth 




Figure 7.10 Time-lapse TEM images showing a gold nanocube interacting with the silver 
nitrate aqueous solution inside a liquid flow cell via (a) Ostwald ripening process and (c) 
monomer attachment. The schematic of the reaction between gold nanocubes and silver nitrate 
aqueous solution for both pathways: (b) and (d). The measured thickness of edge (E, 
solid squares) and corner (D, hollow circles) of the Au@Ag core-shell particle as a 




In addition, we also observed the shapes of our final product majority 
are cuboctahedrons (Figure 7.10 a and c) and enlarged cubes with truncated 
corners (Figure 7.2 a-e) occasionally. This suggests that thermodynamic 
control is responsible for the exquisite tunability of the overgrowth layers in 
these nanostructures.
26
 In this route, surface diffusion is faster than the atom 
deposition where the adatoms tend to migrate from the corners to the edges 
and side faces. If surface diffusion is much faster than the deposition rate (i.e., 
the ratio is much less than 1), growth is promoted along <100> and <110> 
directions, leading to the formation of cubohedral shells (Figure 7.11 a). In the 
other case where the ratio between atom deposition and surface diffusion is 
less than but close to 1, conformal growth is expected (Figure 7.11 b). We 
propose that our experiment is an example of the latter for three reasons. (1) 
As described earlier, the capping agents would have been washed out prior to 
the silver introduction. (2) Our experiments were conducted at room 
temperature (in contrast to the synthesis temperatures of 60 °C reported by Xia 
et al.
18
 and Tsuji et al.
12
, making it unlikely that surface diffusion will be fast). 
(3) The in-situ experiments show that the growth starts off in a conformal 
manner.  
Therefore, the development of {110} facets in both in-situ and ex-situ 
results (Figure 7.9) leads to the final cuboctahedron shape of the 
nanostructures and would indicate the growth mechanism is 
thermodynamically controlled with the absence or low coverage of capping 
agents. Furthermore, the in situ results also indicate that atomic deposition is 
not the only mechanisms by which the Ag layer grows. The coalescence and 
integration of pre-existing nuclei into a growing shell implies that the growth 
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can also take place via attachment-based growth.
27-28
 Attachment-based refers 
to a non-classical growth mechanism where crystals grow via attachment, re-
orientation and coalescence of smaller nanocrystals. The main driving force 
here is the reduction in surface energy.  
 
Figure 7.11 Schematic illustrations showing the shape evolution of a cubic seed under 
thermodynamic control for two kinetic conditions: (a) Vdeposition/ Vdiffusion << 1 (b) Vdeposition/ 







We studied the overgrowth process of silver on gold nanocubes with 
addition of chemical reducing agent ascorbic acid. First, we show that the 
initial overgrowth is chemically-mediated by ascorbic acid and not CTAB, 
which contradicts conventional understanding. Second, we observe two 
different mechanistic pathways. (1) The silver nanoparticles approach and 
absorb onto the gold nanocubes, while simultaneously a layer of silver was 
deposited onto the gold nanocube as a result of coalescence. (2) The gold 
nanocubes undergo epitaxial deposition of silver through monomer attachment. 
Both mechanistic pathways lead to the same final products. This all round 
growth could be due to poor coverage of the capping agents. Absence of 
overgrowth when only the electron beam was used to reduce the Ag precursor 
and comparison with ex situ synthesized nanostructures suggest that the 
observed reaction may be insensitive to the electron beam. This study shows 
that not only can we study growth mechanisms with in-situ TEM, the 
technique can also be used to elucidate the role of the chemical additives, 
which would be useful for material engineering in nanofabrication. 
 
7.4. Experimental Section 
7.4.1. General Procedures. For the gold nanocuboids, the chemicals: 
gold (ш) chloride trihydrate, sodium borohydride, cetyltrimethylammonium 
bromide, copper sulfate, L-ascorbic acid were all purchased from Sigma-
Aldrich and used without further purification. The glass vials used for 
synthesis were obtained from Fisher Scientific. Solvents for nanoparticles 
functionalization were freshly distilled prior to use. All stirrer bars were 
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soaked in aqua-regia (mixture of 1:3 volume ratio of nitric acid:hydrochloric 
acid) for at least 1 hour, washed with deionized water (18.2 Ωcm) and dried in 
an oven before use. Nanoparticles were washed in Rotina (model 380R) and 
Profuge (model 14D) centrifuges.  
7.4.2. Synthesis of Gold Nanocuboids: Refer to Chapter 5 Section 
5.2.1. The experimental details are described in Section 5.4. 
7.4.3. Experimental Techniques: We transferred 1.0 ml of the 
cuboidal gold nanoparticles solution from the glass vial into a 1.5 ml-
centrifuge tube. Centrifugation and redispersion in water was performed twice 
at 10000 rpm for 10 minutes in order to minimise the concentration of CTAB 
prior to loading to the liquids cells. Note that too many times of washing 
(centrifuge and redisperse) will cause the deformation of Au cuboids. 10 µl of 
10 mM ascorbic acid aqueous solution was added into the as-washed Au 
cuboids solution.  
Approximately 500 nl of the resulting solution was loaded into a liquid 
TEM cell, which comprised of two ultrathin (∼30 nm) electron translucent 
SiNx membranes separated by 200 nm. Prior to solution loading, these liquid 
cells were oxygen plasma treated to make their SiNx membrane surfaces 
hydrophilic. We used a Hummingbird Scientific Liquid Flow holder and a 
JEOL 2010FEG TEM operated at 200 kV for in situ imaging with low 
electron doses ranging from 50 to 150 e/(Å
2
·s), acquiring images at a rate of 
10 frames per second with an ORIUS SC200 CCD camera (Gatan, Inc.). The 
reaction was followed in real-time by observing cuboids found in 30 micron 
by 200 micron window of the TEM liquid cell. The high-angle annular dark-
field scanning TEM (HAADF-STEM) imaging and chemical analysis were 
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performed with an FEI Titan TEM equipped with a Schottky electron source 
operated at 200 kV. We obtained the STEM images by using an electron probe 
with an approximate diameter of 0.3 nm. EDX was performed with a probe ca. 
0.5 nm in diameter with 150 ms acquisition time for each spectrum. The 
Inspect3D software from FEI was used for 3D tomography reconstruction. We 
recorded the UV/Vis spectra on UV/VIS/NIR spectroscopy (PerkinElmer 




1. Oldenburg, S. J.; Averitt, R. D.; Westcott, S. L.; Halas, N. J., 
Nanoengineering of optical resonances. Chemical Physics Letters 1998, 288 
(2–4), 243-247. 
2. Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Vander Elst, L.; 
Muller, R. N., Magnetic Iron Oxide Nanoparticles: Synthesis, Stabilization, 
Vectorization, Physicochemical Characterizations, and Biological 
Applications. Chemical Reviews 2008, 108 (6), 2064-2110. 
3. Caruso, F., Nanoengineering of Particle Surfaces. Advanced Materials 
2001, 13 (1), 11-22. 
4. Daniel, M.-C.; Astruc, D., Gold Nanoparticles:  Assembly, 
Supramolecular Chemistry, Quantum-Size-Related Properties, and 
Applications toward Biology, Catalysis, and Nanotechnology. Chemical 
Reviews 2004, 104 (1), 293-346. 
5. Kortan, A. R.; Hull, R.; Opila, R. L.; Bawendi, M. G.; Steigerwald, M. 
L.; Carroll, P. J.; Brus, L. E., Nucleation and growth of cadmium selendie on 
zinc sulfide quantum crystallite seeds, and vice versa, in inverse micelle media. 
Journal of the American Chemical Society 1990, 112 (4), 1327-1332. 
6. Mews, A.; Eychmueller, A.; Giersig, M.; Schooss, D.; Weller, H., 
Preparation, characterization, and photophysics of the quantum dot quantum 
166 
 
well system cadmium sulfide/mercury sulfide/cadmium sulfide. The Journal 
of Physical Chemistry 1994, 98 (3), 934-941. 
7. Ma, G. H.; He, J.; Rajiv, K.; Tang, S. H.; Yang, Y.; Nogami, M., 
Observation of resonant energy transfer in Au:CdS nanocomposite. Applied 
Physics Letters 2004, 84 (23), 4684-4686. 
8. Ghosh Chaudhuri, R.; Paria, S., Core/Shell Nanoparticles: Classes, 
Properties, Synthesis Mechanisms, Characterization, and Applications. 
Chemical Reviews 2012, 112 (4), 2373-2433. 
9. Ma, Y.; Li, W.; Cho, E. C.; Li, Z.; Yu, T.; Zeng, J.; Xie, Z.; Xia, Y., 
Au@Ag Core−Shell Nanocubes with Finely Tuned and Well-Controlled Sizes, 
Shell Thicknesses, and Optical Properties. ACS Nano 2010, 4 (11), 6725-6734. 
10. Gong, J.; Zhou, F.; Li, Z.; Tang, Z., Synthesis of Au@Ag Core–Shell 
Nanocubes Containing Varying Shaped Cores and Their Localized Surface 
Plasmon Resonances. Langmuir 2012, 28 (24), 8959-8964. 
11. Fu, W.; Yang, H.; Chang, L.; Li, M.; Bala, H.; Yu, Q.; Zou, G., 
Preparation and characteristics of core–shell structure nickel/silica 
nanoparticles. Colloids and Surfaces A: Physicochemical and Engineering 
Aspects 2005, 262 (1–3), 71-75. 
12. Tsuji, M.; Matsuo, R.; Jiang, P.; Miyamae, N.; Ueyama, D.; Nishio, M.; 
Hikino, S.; Kumagae, H.; Kamarudin, K. S. N.; Tang, X.-L., Shape-Dependent 
Evolution of Au@Ag Core−Shell Nanocrystals by PVP-Assisted N,N-
Dimethylformamide Reduction. Crystal Growth & Design 2008, 8 (7), 2528-
2536. 
13. Lim, B.; Kobayashi, H.; Yu, T.; Wang, J.; Kim, M. J.; Li, Z.-Y.; 
Rycenga, M.; Xia, Y., Synthesis of Pd−Au Bimetallic Nanocrystals via 
Controlled Overgrowth. Journal of the American Chemical Society 2010, 132 
(8), 2506-2507. 
14. Cho, E. C.; Camargo, P. H. C.; Xia, Y., Synthesis and Characterization 
of Noble-Metal Nanostructures Containing Gold Nanorods in the Center. 
Advanced Materials 2010, 22 (6), 744-748. 
15. Jungjohann, K. L.; Bliznakov, S.; Sutter, P. W.; Stach, E. A.; Sutter, E. 
A., In Situ Liquid Cell Electron Microscopy of the Solution Growth of Au–Pd 
Core–Shell Nanostructures. Nano Letters 2013, 13 (6), 2964-2970. 
167 
 
16. Wu, J.; Gao, W.; Wen, J.; Miller, D. J.; Lu, P.; Zuo, J.-M.; Yang, H., 
Growth of Au on Pt Icosahedral Nanoparticles Revealed by Low-Dose In Situ 
TEM. Nano Letters 2015, 15 (4), 2711-2715. 
17. Fan, F.-R.; Liu, D.-Y.; Wu, Y.-F.; Duan, S.; Xie, Z.-X.; Jiang, Z.-Y.; 
Tian, Z.-Q., Epitaxial Growth of Heterogeneous Metal Nanocrystals: From 
Gold Nano-octahedra to Palladium and Silver Nanocubes. Journal of the 
American Chemical Society 2008, 130 (22), 6949-6951. 
18. Xia, X.; Xie, S.; Liu, M.; Peng, H.-C.; Lu, N.; Wang, J.; Kim, M. J.; 
Xia, Y., On the role of surface diffusion in determining the shape or 
morphology of noble-metal nanocrystals. Proceedings of the National 
Academy of Sciences 2013, 110 (17), 6669-6673. 
19. Mirsaidov, U. M.; Zheng, H.; Bhattacharya, D.; Casana, Y.; 
Matsudaira, P., Direct observation of stick-slip movements of water 
nanodroplets induced by an electron beam. Proceedings of the National 
Academy of Sciences 2012, 109 (19), 7187-7190. 
20. Zheng, H.; Smith, R. K.; Jun, Y.-w.; Kisielowski, C.; Dahmen, U.; 
Alivisatos, A. P., Observation of Single Colloidal Platinum Nanocrystal 
Growth Trajectories. Science 2009, 324 (5932), 1309-1312. 
21. Liao, H.-G.; Niu, K.; Zheng, H., Observation of growth of metal 
nanoparticles. Chemical Communications 2013, 49 (100), 11720-11727. 
22. Woehl, T. J.; Evans, J. E.; Arslan, I.; Ristenpart, W. D.; Browning, N. 
D., Direct in Situ Determination of the Mechanisms Controlling Nanoparticle 
Nucleation and Growth. ACS Nano 2012, 6 (10), 8599-8610. 
23. Noh, K. W.; Liu, Y.; Sun, L.; Dillon, S. J., Challenges associated with 
in-situ TEM in environmental systems: The case of silver in aqueous solutions. 
Ultramicroscopy 2012, 116 (0), 34-38. 
24. Pennycook, S. J.; Jesson, D. E., High-resolution incoherent imaging of 
crystals. Physical Review Letters 1990, 64 (8), 938-941. 
25. Goris, B.; Polavarapu, L.; Bals, S.; Van Tendeloo, G.; Liz-Marzán, L. 
M., Monitoring Galvanic Replacement Through Three-Dimensional 
Morphological and Chemical Mapping. Nano Letters 2014, 14 (6), 3220-3226. 
26. Xia, Y.; Xia, X.; Peng, H.-C., Shape-Controlled Synthesis of Colloidal 
Metal Nanocrystals: Thermodynamic versus Kinetic Products. Journal of the 
American Chemical Society 2015, 137 (25), 7947-7966. 
168 
 
27. Penn, R. L.; Soltis, J. A., Characterizing crystal growth by oriented 
aggregation. CrystEngComm 2014, 16 (8), 1409-1418. 
28. Ataee-Esfahani, H.; Skrabalak, S. E., Attachment-based growth: 
building architecturally defined metal nanocolloids particle by particle. RSC 




Chapter 8  
General Conclusions & Outlook 
This thesis describes the controlled immobilization of molecules 
between two cuboidal metal nanoparticles by self-assembly to control 
quantum plasmon resonances. Mixed self-assembled monolayers (SAMs) of 
thiolates and dithiolates molecules were used to control the gap sizes between 
the metal nanoparticles down to sub-nanometer scales. We studied quantum 
mechanical tunneling across the metal-molecules-metal junctions by a 
combination of complimentary characterization techniques, e.g., electron 
microscopy, electron spectroscopy, and theoretical support was provided via 
quantum-corrected finite-element-model (FEM) simulations. It was 
demonstrated that the SAMs not only could control the width between two 
plasmonic resonators but also could act as frequency controllers in the 
terahertz regime, providing a new control parameter in the fabrication of 
electrical circuits facilitated by quantum plasmon tunnelling.  
Chapter 2 provided a literature overview to show that engineering sub-
nanometer gaps in metal nanostructures for plasmonics applications are key to 
study the quantum mechanical effects at nanoscales. The self-assembly 
process to fabricate the high aspect ratio gaps between metal nanoparticles 
was studied in some depth in Chapter 3, by comparing different mixed SAMs 
of thiolates and dithiolates (aliphatic SAMs: EDT, HDT, ODT; aromatic 
SAMs: BDT, BPDT, OPV, and NDT) using various characterization 
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techniques (TEM, 3D STEM Tomography, UV-Vis, XPS, and UPS). 3D 
STEM Tomography showed clearly that the gaps are free of metal filaments. 
TEM gap size characterization indicated that the experimentally measured gap 
sizes are in good correlation with the molecular length predicted by the CPK 
model. The aromatic SAMs showed more linear assemblies in UV-Vis than 
the aliphatic SAMs due to the stronger pi-pi interaction between rigid benzene 
rings than the intercalating alkyl chains. XPS results further demonstrated the 
presence of the SAMs in connecting the metal nanoparticles while UPS results 
revealed that the SAMs could provide control over the energy barrier heights 
of the studied system. 
Chapter 4 demonstrated the realization of quantum plasmon tunnelling 
by using metal-molecules-metal junctions as a platform and electron 
microscopy for characterization. By combining atomic-resolution imaging, 
single-particle spectroscopy and monolayer molecular control, we 
demonstrated the direct observation of and control over the quantum plasmon 
resonances at the length scales in the range 0.4 to 1.3 nm across the metal-
molecules-metal junctions. Besides control over the distance, the SAMs also 
control the tunnel barrier energy height. The measured resonance frequency of 
the tunnelling charge transfer plasmon varied from 145 ± 10 THz for 
monolayers of BDT molecules to 244 ± 3 THz for monolayers of EDT 
molecules. Through-bond tunnelling is the dominant mechanism of charge 
transport which is only weakly dependent on the gap size as we observed, in 
contrast to the alternative through-space model, which would have a very 
strong gap size dependence. The tunnelling was observed for gap sizes (tunnel 
distances) up to 1.3 nm, for Ag-BDT//BDT-Ag junctions, which potentially 
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indicated that even longer molecules of perhaps 4-5 nm may also be used for 
plasmon-asssisted electron tunneling.  
Physical-organic studies similar to those discussed in Chapter 4 were 
also performed on closely-spaced gold nanocuboids. However, in this case, the 
dimer gaps suffered from filament formation. This triggered us to study the 
degradation mechanism of passivated gold and silver nanoparticles under high 
energy electron beam. In Chapter 5, a stability study was presented of cuboidal 
metal nanoparticles under electron beam irradiation, and strategies were 
discussed for avoiding radiation damage. The thiolated SAMs coated gold 
nanocuboids suffered from surface diffusion-driven filament formation while 
the electron beam-induced heating at the metal-ligand interface is dominant 
for thiolated SAMs-coated silver nanocubes. Replacing the thiolated SAMs 
with PVP provides stabilization for both gold and silver nanocuboids. PVP 
could act as a diffusion barrier and is more resistant to damage induced by the 
electron beam. 
The synthesis of high-quality cuboidal metal nanoparticles we used for 
quantum plasmonics requires deeper understanding of the reaction chemistry 
and kinetics at the nanoscale. Chapters 6 and 7 described the real-time 
visualization of chemical reactions of cuboidal metal nanoparticles in solution 
by using liquid-cell electron microscopy techniques. In Chapter 6, a detailed 
mechanistic study of galvanic replacement reactions between silver 
nanocuboids and chloroauric acid was provided. The detailed analysis of silver 
removal rate and gold deposition indicated that the morphology and 
composition of the final product are dependent greatly on the subtle changes 
of the stoichiometric ratio between gold and silver.  
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Chapter 7 demonstrated the overgrowth process of silver on gold 
nanocuboids in silver nitrate solution in the presence of the reducing agent 
ascorbic acid using in-situ liquid-cell electron microscopy. The detailed 
analysis of silver deposition revealed that there are two mechanistic pathways: 
nuclei coalescence and monomer attachment, both result in the same Au@Ag 
core-shell nanostructures formation. A comparison of in-situ and ex-situ 
synthesized nanostructures tells us that this reaction may be insensitive to the 
electron beam and is chemically-mediated by the reducing agent. This study 
showed that the in-situ TEM technique not only can be used to study growth 
mechanisms, but also to elucidate the role of the chemical additives.  
The result presented in this thesis show that precise control of the 
structural and opto-electronic properties between two closely-spaced 
nanoparticles is essential to switch on the quantum plasmon tunnelling.  It was 
shown that the frequencies of the quantum mechanical plasmon modes can be 
tuned by simply changing the layers of molecules linking two nanoparticles. 
This study provided a key advance towards the creation of technologically 
accessible tunnelling length scales of up to 1.3 nm, which is 3-4 times larger 
than what has been reported before. On the other hand, in-situ liquid cell 
electron microscopy has evolved as a tool to elucidate the reaction mechanism 
and kinetics during chemical reactions such as galvanic replacement reactions 
and core-shell nanoparticles formation at the nanoscale. This study provided a 
quantitative picture of the growth process that is useful for engineering the 
composition and morphology of metal nanostructures that could potentially 
open up more opportunities for application in plasmonics. 
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The ability of molecules to bring two nanoparticles closely together in 
a controlled way is going to be a primary feature for combining molecular 
electronics and plasmonics. From the discipline of molecular electronics, it is 
known that the transport characteristics are dependent on the intrinsic 
properties of the molecules. This inspired us to study different molecules 
inside the junctions between two nanoparticles to explore whether more 
concepts from the field of molecular electronics can be incorporated into the 
field of plasmonics. It is worth noting that before this demonstration, it was 
unknown that molecular electronics is possible at all at optical frequencies. 
The link between the fields of optics and molecular electronics demonstrated 
in this work may provide potential for molecular control over quantum 
plasmonic systems through even longer gap sizes (4-5 nm) that are currently 
accessible by top-down fabrication techniques. Examples of longer molecules 
with higher conductance values are: biphenyl dithiols derivatives, naphthalene 
dithiol derivatives, etc. The reconciliation of molecular electronics with 
plasmonics at engineerable scales may then open up possible new design 
routes for plasmonic-electronics that combine the small scale of nano-
electronics with the fast operating speed of optics. Following up the new ideas 
that are developed from these results, we hope ultimately to resolve the 
challenges that are presented in the course of this work, such as the integration 
of these devices into real opto-electronic circuits. 
